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I. INTRODUCTION 


a ee OP OE et eee eee coe eee ee ee 


Aw EBAaCKCROUND TUFORNATION 


Wie cee i. 72 tiscn Those t Meu oalbe n= recone e ame 


_ ae zt ee « eee 3 Pa se a = a 
Deemer eGs scCUciiy Qistribiuted has been amply demonstrated by 
Ss 


Me@emitame=2C Tiss in the cost of @nargy erd raw macerials 
Within the past ten yeers. Wi easa Gd a: 8 Ope Cac. Oo. 
SGemetructicn itor the basic ca Cy Clemo OW camo Lani) 
wnecher marine or steéeticnary, has also increased. These 

gy 


Bae ws Dave fFointed tc the need to apply advanced technolo 
to beilers and condensers, 


Matine applicazicns pose the greatast problems since the 
power clant is limited by both size and cost. In the past, 
NCS ¢ E tke effort in aincreasing efficiency has been 
directs at poiler desiaqn, whilt marine ccendéensers have 
remained kasically unchanged. NOnenavead 0p l2cs .1leCno ea cae 
increased uses of gas turbine and diesel engines for mein 


propulsicn has diminished the importance of the imprevements 
eememe=V=ed 25 fossil Eueled boiler d2sign. However, with the 
Mee=@cuc-160n Of the Rankine Cycl2 Energy Recovery Systea 
WenGerl era the existence cf numerous nuclear propulsion 
sys tems, miemwetier “hase ecCcMS tc «direct at*enticr 2o the 
imprevement of marine condensers. 

Eecomeernnet., a] perftorned a feasibility seudy <o deter- 


fine what improvements could be made in marine condensers. 


Bis research indicates that an increase of more than thirty 
Peete) heat transfer, ene) ty ape > Cen Secuictson. anh 


weight, anda twenty per cent reduction in volumes cculd all 


If 


Pevseeh eyed if the condensation mod2 within the cendéense 


1D 


were G@ropwise rather than filmwise. Unfortunately, filmwiss 


se 
eereemeate=on 2S the formal, stable mode of condensation on 
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Mlemeeetye cil  Cenderser materials and stz0s must -ne2¢fere 
Memerako. tC promote the dropwiss node. 


Pee WSLM@LSE VS. DROPWISE CONDENSATION 


« —_ -— - 


Filmsice condensation is charécterized by the formetion 
e 


mn the condensing Vv = 250 Spe con d<nces 
ESTs eEGnla: 1CnS> “1b. 1S the © resitseances whack 
a 


me “Panster rate. For st the external heat 


GOehELCiecne esSsocieted with £ilmwise concen sah 
Mayes che Lange cf 10,000 to 14,000 W/m Kes On 


ma 8 
@en== hand, dropwise condensation can produce heat trans 
c u 


ct 


Oz 
en 


yp 


Zo= 
Beefrsctents Wp =O iwenty times ther of filmwise ccndensa- 
tO Ts Th2<e¢ marked increase 1s a result of the precess of 


drop formation and removal frem the condanser surfacs 

immiggd- che theory =haz orimary dz>ons formed at submi- 
Sueccoplc nucleation Sc cS SOP) ca] cuz tace Was first 
proposed. Diiomeniclcaclon ct neGny Of GrOp = 20 tiacion wes 
later elaborated upcen by McCormick and Westwater [Ref. 10] 
eudercerei=ied by Reisktig [Ref. 11] through the use of micro- 
BMOecGdrariy. ft 1S during this ph@ése o£ drop formation that 
eiem@ager ExroOpoOrtion of the heat transfer takes place. As 
eac d=EOUD giCws, it comes in centact with many other small 
drops which coalesce to form larger drops. This coalescence 
uUnccvVers nucleation sites which immediately start te forn 
geteereemal GrODS. When the drop is approximately 0.15 rm in 
diameter, the increase in conduction resistance greatly 
reduces direct condensation. EXDEr2mental evidence aedi- 


G@atesetoac cver 90% cf the heat transfer takes place duria 
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cal, oOvéerconre the surf 


€ é 
cencenser surface, As the drop departs a vertical 


during dropwise ccendénsaticn can be 

Bee ows: 102 bare surface, 30% actives drop 
mm in diameter) nd 60% dead drops (greater a 
diameter). Deets aloortant) sen NO = thas Pver 
SCE en the surface cf the drors and not on the 
emeeees) in addition, very little heat is transferred throug 
mie dead drceps. PmeLeCroOre, at any ae sid el be slic gee} hs Oia 
CE tne cecndenser surface il h 


= 
nea]. The large heat-transfe 


= 

k S then that asso 
SeesOrmmacuis Geearly reducing: ene conduc 2:07 
g 


resistance. Figure 1.1 [Ref. 14] depicts the relative sizes 


I-ty 


the varicus stages and modes of condensation. 


C. DECP FORMATION 


Tr 1804 Thomas Yeung first proposed the following equa- 
ploumeo describe thie equilibrium condition of a drep ona 


solid surface 


1.1) 

=Je-—- OC. cos 0 ( 

sy Bk iy 

where oO MemecnewscuT face tension at cehe Selid=vapor in zer- 
=v 

face, o5, t meemsuireace tension at the solid liquid tneerface 

O the surfac fension at thei liquid vapor intertiace and 


lv 
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AVERAGE SIZE 
DEPARTING DROP 
AVERAGE SIZE D=2.0mm 
eve DROP 
D=.01mm 


AVERAGE SIZE 7 
"DEAD DROP" 
D=.2mm 


FILM THICKNESS 
t=.3mm 


Figtre 1.1 Relative Sizes of Condensation Modes. 
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Meet = «SeCSCtl Sly sintle and posts many expsrinectal 
BereGCCnCerttal probiene. HOvVeEVeCL SiS pet L eros su eGiae a> = 
Peepeemere Creraccesize he d¢qr2¢ t5 which a susrZaceMill w=e- 
Pemex etemely useful. Zisman [Ref. 13] and other invesziga- 
Bees have Shown that there is a rectilinear reéelationshio 
between o1, and the contact angle. Excreapolating the dake 
MESO Galcrs =. sil ch Cosi n= © =1.0, =heaz ocint 22 which =h- 


ension, ¢t aiieeest =. 72> 
meee we-ectaDijdity of lcw energy solid surfaces. Tabie I lists 
the Critical surface tensions for various low-energy organic 
surfaces. iemeeeOl Onc SS TPOUPtreS G2taniiion Of Whe “eri sce! 
Siegece cension, thet a liquid with a surface tension 
teater than the critical surface tension cf the surface 
Weel E¢t epread. imma cal ten sees Testi ic ol Meany ex tes: — 


1 


é 
Memes itdicete hat tke wettability of high energy surfaces 
Bye =ageantc alms are essentielly deztstmined by the 
padesng Cf the expcsed surte u 
eo em uae me dS ONG UC Mere rae pe Clie wee 
@ substance which has a critical surface tension 
Weecmenan <cnaj cf tke condensing iiguid. In the c¢ 
Beery sarpicn has a liguid-vapor surface tension of 
memesyenm a= 25 C, all of the surfaces listed in Table f 
Remenydrechcbic with the heavily fluorinated surfeces the 


Ose Hydicphobic [ Ref. 13]. 


D. FACTCRS WHICH INFIUENCE DROPWISE CONDENSATION 


Since metal surfaces have a relatively high surface 
erergy, the most important factor is the existence of a low 
Eie=Gyeberricr Of prcemoter cn the condenser such that the 
Geutmce | Sutrace tensicn of the condenser surface is less 
Pem@menec=) Of £he corcensing liquid. This is a necessary 
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memeeeetch tor dropwise condensation. Tanasawa fRef. 3} 
Memeo ae S0cltionai twenty-one factors which have, woe 
Meeeccr Cl ifss4r 4 degrss, [2 eeete Set ce” abe Onem ne | Ree - 
Beene rs~ COttricient of drepwise condensation. Of tnes¢ 
peeescaoMat crac tors, the most impor-ant are: Clee “Ses ta = 
PeoDerties c£ the ccndenser material, (2) non-cendensing 
qas2¢, (3) external forces, and (4) condenser surface 
Bagg oress. 

Memee=2r2’cG.e Cf tke thermel properties tzom which the 
Semg—No= LS Manufactured cn the hea= transfer coefticien: 
Gee dropwise CondensacwcOn els “NOs completely resoived. 


~ 


O 
Hemmcotar and Mikic [Ref. 4] have proposed the theory that 
4 


fee en-Unaccrmity of drop Z¢ and spacing produces a reon- 
unitcrmity in the svtrface wall temperature since the large 
drops act as insulatcrs while the small drops are highly 
G@ematcer Ve. The net result is a thermal constriction resis- 
mance. Mawr lc als) cf low thermal conductivity “alicw less 
Heeopat heat transfer at the surface and therefore have a 

Bagaecens -Eiction re ~eenec. Rose (Ref. 5] believes that 


Ss 
OmegSiiZedweby one fre cuen= 


O 
Mee Ce -Una “CEMLtLe€S ere rapidly h 


coalescence between drops. Therafors, themeons tmicade: 
resistance will be small. Data are available to support 
both points of view. Regardless of whether the constriction 
resistance is large cr small, the material selected for 
@enmaeneet Censtructicn will be limited by other constraints 
Pi@eqees dtrabllity, sechineability, availability and cos 


jpeomentmects cf the second and third factors, nen- 
condensing gases and external forces, can be minimized by 
psoDer design. The condenser must be able to operate under 
VeemumiCend* tions without ete stagnant regions within 
+he Eundle where non-condensing gases can concentrate. rhe 
design should b2 such that gravity and vapor sheer work 


tege*ther <c remove the condensate drceops. 
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Pee teraceOr 15. “surface roughness. 9 for ot2 c: 
E 

n Ss Ss 

rface area than would be normal. There 1s less 
a ve drofs and mere potential nucleati 

d 


: Both Griffith [Ref. i5j and Grahan { 
S 


mepo2]-e€d ~<educed heat trars 


th 


SEPras at rasul= at eurea 
mounz of surface rougnness is necess 


a 
Meeecr 2ChnSsion of scme cf the organic polymers tested. 


Fo FRCNCTICN OF PER#HANENT CROPWISE CONDENSATION 


Dreorwise condensation can be promoted by: (Vp Gi sec= 
Sepi2ca-10on of a suitable chemical, such as clsic acid or 
fontan wax, to the ccendenser surface, (2) 28 gj eee Gen 
wetting chemicals into the vapor which adsorb cn _ the 
condenser surféce, and (3) using alow energy polymer or 
meple metal coating. 

Ecth the first and second method are limited in that 
Mone rer Erecuces a Eermanent hydrophobic coating. Results 
Vary widely but usually the effectiveness of these promoters 
is measured in the hundreds of hours. The third method, the 
use cf permanent coatings, has been the subject of censider- 
able interest. At present, there are two types of coatings 
which can te used tc promots permanent dropwise condeéensa- 


tion: neble metals and organic polymers. 


ct 
O 


c£ the noble metals, only gold has been shewn 


consistently produce excellent dropwise condensation. This 


( 


Meueegmdp pea] tO COntradict theory since the surface energy 


bt 


Comoclcim1c celatively high. Recent experiments have shcwn 


Ze 





moc. 86 Melee" acid surface aoplied Wid=2 camer. i 

Certtclicd conditions will spentaneously wet ag prenic~s4. 
Memewe =, COG Ads the ability to attract and retaia Pages S 
fee 2encer the surface hydrophobic. Fer this reasecn, aclé 
is referted to asa "self-promoter."* An extansive invesci- 
Beet Cn Ly Wcoarurt { Ref. 12} cencluded th Se wi One © 1c) VO = 


Beaated toc the surfece gold and carbon 


ONCeRSreeZzOreSe ana 


Maye rssiy related tc the copper, alma Pacer Go ccs. 


Meouguecold Shas been Shown to preduce excellen= 
dropwise condensatior, its behavior over extended pericds 
ied=eeveatying Conditicns is uncertain. iimcdade= Lon. wero c-— 
tical ccnSsiderations such as cost and availability make geld 


unattractive for this purposes. 


= 


eeeedan c Froly 


is 
OD 


The second sreéethed cf producing permanent drorwise 
condensaticn is to apply an organic polymer with a low 
furkece energy to the condensing surface. Although many 
expsriments have beer conducted, virtually all of the reas- 


earch has been done using a fluorocarbon or siliccne 


rolymer. 

pilkucrocarbon Eolymers exhibit the desirable charac- 
memeeoerc= Cf high thermal stability, very low surfacs 
energy, eraweer= Highly» tesistant co “chemical “atcack. 


However, ‘they also have the undesirable characteristic of a 
relatively low thermal conductivity usually cn the crder of 
0.3 Wym K. Assuming a realistic value of a tenfold increase 
in +the cutside heat-transfer coefficient due to dropwise 
Pteteret dan <i1lmwise condensation and a nominal value cf 0.3 
W/m K for thermal conéuctivity, the maximum film thickness 
Weve awmcculad be emplcyed to oroduc> an increase in the 


eueegeemerreas-trenscer coefficient wotlld be on the crder of 


Ze 





PemeecreCmecees. Filnes cf greater thickness would inesc 
ereetert rier 8soO large that it would negate any tenussi- 
Peeves CrCH 2it2ring the mced2e of condensaticn. fae nest 
ecmecn pelymer which kas been employed is PTFE (pelyrerref- 
luorcethylene). PTFE is commonly referred to Sots sien, 
TuPcnt's registered trademark for a non-stick finich. 

imei o, omith { Ref. 7} concluded that, wher eapciied 
Me utslizin he existing application techniques, tain 
BmoembcimccatingS were not Satisfactory for increasing overel2 
Sere =alistce Sates icr Naval applications. Ron ol, weno 


n 
(Ref. 21] reported on tests conducted with a small c 
< 


ondéenser 
in which the tubes had been coated by Teflon to a thickness 
SaweeiZ.5 micrometers (0.0005 in}. Performance was not 
Significantly increased. Sherely theveatter, Pace = 
studies into dropwise ccndensation by the Navy were 
suspended. im (966, Beown end Thomas [ Ref. 24] conducted 


SeeeleGemecnts With tures of Admiralty brass coated with 2.5 
ieee eemeter= (0.0001 inch) Ot PPTER. The outside heat- 
transfer ccefficient for dropwise condensation averaged 
approximately three times that cf filmwise condensation. In 
1969, Graham [{ Ref. 4] also achieved a threefold increase 
Bemrgeetiat, copper flates coated with eae Teflon film esti- 
eae 


4 


iD 


G@ueeo be 1.5 micrcmeters (0-000 CGeanches) \ ireek. Tnis 
mepeecey ed the practical iimit for the applicaticn of 
Teflen films using standard techniques. Lion or, both 
Manvel { Ref. 8] and Ferkins [Ref. 22] used vacuum-depfosition 
pieeceaeng ~O epply ultra-thin layers of PTFE. Thicknesses 
tanged from a minimugz of 0.04 micrometers to a2 maximum cf 
Geers mel CrTemMeters. The results were disappointing and unex- 
rected. Although the dropwise performance was gcod, the 
eteam-side heat- transfer coefficient was increased ty a 


@ax=mum cf only 1.6. This result was attributed te 


ct 
m 


cr 
ee 
iD 


presence cf non-condensing gases. ma addlt Hen © cao 5 
Sereeemccmsnewed Sigre of physical deterioration after very 


eee@e@tmereteting fericds. 
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PiemUs=e 902 siliccnes te promotes dropwise ccnmbeves- 


t+ 


p-4> 


oes 
OD 
Nn O 
cp 3 
in 
ry 
mM 
sf) 
9) 
ea 
i 
a9 | 
ct 


Sa 
Dp 
ns 
ct 
Mm 
KH fds 
= 
f 
i 
“ 
o 
Q 
O 


a es 
io 
an 
fp) 
in 


O 
O 


m Vv 
ceaegent, R-o/ 1. Wee 


ctr 
© 
tr 
7) 


Om@e@scrometers (0.0004 in), a 5 

Meee cea --eCearst=r coefficient wes obtained. Prelinina 
Bemeieaice ~<€5-S5 indicated that the coating was cap 

Beoaucing Cropwise ccndensation for psriods in exc 
15900 mot S. A subsequert study eepeckbkors rel) lant the 
Meearenohcuse Corporation fer the U. Ss. Navy investiga 
Mmaomct@2cCN Comcounds, including 2-671, and Teflon. Th 
=€Ssts preduced only mcdéerate increases in the overall he 
ee 


CO 


th 


Seceer cient: MOS CMa DCctant,. alior <1 he sei leone 


p) 
rs 
in 
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exo 1 ted enn > Cesar allman ce = tam concrete 
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ct 
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€ 
9 
ccmpcund nad been recuced tc &0% dropwise and 20% filmwiss 
feet 25 Peurs of cpération. PVeOmechese ests js. was 
Beeraia-ed =hac Teflon was the only coating of the grcup «hat 
Ema baited a life expectancy SULELCL ene io Warrant 
investigaticn. 

iersoo,, 8c ©<and Thaien  [Reft. 23] conducted an 
extensive investigaticn of permanent hydrophobic coatings. 
Althcugh they were primarily concerned with sulfide films 
and nceble metals, they also investigated organic polymers. 
One cf the folymérs investigated was PTFE and another was 2 
relatively new compeund developed py the Union Carbide 
Seoecraticn, parylene-N. Farylene-N is a polymer cf razra- 
xylylene which can ke vapor deposited in ver Snes 2lms. 
Unlike ETFE, parylene-N contains no fluorine and therefecre 
would net be expected to b@ as hydrophobic as the fluorofo- 
lymers. However, a cne-micrcemeter- thick film produced good 
dropwise cendensation in excess cf 2400 hours of centinuous 
opetatio The overall heat transfer coefficient was 


Weemeaseascby a tactor cf approximately 1.5. 





eee VeOLernen=s Se fechrigues foo wetness 12 ce 
eerec- Ultra-thin ccatings, int addition to the dsevelccner- 
Memeeea We ericis, bas put the use of organic ocivazrs +5 
rromcts ATODWISEs condensation within *he Beer ez 
feasibility. 
fee unrCSE OF STUDY 
The cverall purpese of this study was t9 evaluate the 
Peestcmwharc= Of Varicus organic polymers as effective drop- 
wissS prcemoters. This was accomplished in two distinct 


1. Endurance 


raticns, were subjected to an endurance test. ive c 

consisted cf continucus exposure +o steam at atmospheric 
EZS°SSUIe. Visual observations were made to determine which 
Seer nags cculd sustain dropwis¢s condensation. Those coat- 


ings which showed little or no dégradation after a mininu 
ef 2000 hours of exEcsure were used in the second stage o 
mos Study. 


“ 


2. Esar-Transfe 


iy 
{iz 


Merlarren 


Cn the basis of the endurance tests, Six coatings 
were selected for quantitative evaluation: (1)  Nedox, a 
coating system developed Ly the General Magnarlats 
Serportation, (2) No-Stik, a coating develoved by Plasm2 


GCatings, Inc., (3) parylene-N, (4) parylense-D, (5) NRL C-6 
memcercxy, and (6) NRL fluoroacrylic. These coatings were 
womievec te copper tukes in order to quantify their effect on 


E@emeuecide heat-trarsfer coefficient. 
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he INSRCDUCTION 


Meer g fe ClirS= Stace, prepared samples of sslec«s4 coat- 
Me@-mwemes SUD}Scted tO a rigorous endurance *est Caos ce 
fete SEccna stadqe, beat-transfer evaluation. DUSewge he 
ernduraén ieee =he coatings were vi ale avaluated for 


u 
S S 
myeco pPrOmMCte and sustain dr 
Mess Ceetirgs which performed satisfac 


i 
2000 hours were selected for the second stage, heat-transfer 
ati 


EValUaticn. During this stage, the effect of the coating on 
mmencucesSide heat-transfer ccefficient was determined. 
E. PNDUSANCE TEST FACILITY 

The endurance tést ccnsisted of ¢xposing trerared 
samples to steam at atmospheric pressure while mounted on 2 
heat sink. The heat sink was necessary to provide @« thermal 
Srect@aerr of Ssurficient magnitude to induce vigorous conden- 
Sqelcn. The endurance test was to run continuously fcr an 
ercerinete period. Therefore ,. “a Spc inGsaple Goncern was to 


Beeemagm@eand construct a facility which was simple, reliable, 
and cculd be left unattenced for extended periods. In addi- 
tion, since photogrerphy would be used to assess the quality 
c£ the dropwise condénsation and provide a visual record of 
Ghanges with time, it was essential that the specimens be 
Geeorayed With an unckstructed view. These cbjectives were 
accomplished by the construction of an endurance testin 

apoaratus consisting cf three major components: (1) stean 
chamber, (2) heat sink, and (3) de-superheater. Bang tec | 


depicts a schematic cf this systeéen. 
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Steam/Water 
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Desuperheater 


Condensate 
Overflow 


Figure 2.1 Endurance Test Apparatus Schematic. 
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T a 
dimersicns 0.457 oa (18 in) Pica dcy.) O64 
cc : 


ee (mec) 86|6(An 
fopeeeerd 0.165 m (6.5 in) in heigh*. Tne Mest ceawect ths 
M@eameer, tcp, tottcr and end ov Seeetce siezeaqa from 


a 
PeceemmetO. 1675 in) thick, stéeinl 
panels nxere constructed from tw 
mamek POrresilicate gqlass. Doe, wen 
mime] OCGY Of the chamber while the outer gless was 
d ir a stainless-steel frame. Twenty-four ¢t 
stainless steel studs were butt welded along the pezrirhery 

Gh ide to hold the glass parels in place. To provide 
for @n adequate dead air space between the glass panels, a 
ememme(G.25 in) thick aluminum spacer was used. The entir= 
assemkly, the inner glass, spacer, and outer frame, was 
Pewee place bry tolting the outer frame to the main 
chamber. hee ccCpsene. 0" Ting wasueused to provide. a a 
ketween the inner gless and the chamber. Berns dscect the 
Chamter were identical. Figure 2.2 shows the assembled 
chamber 3 
Was Vemeescdice d | naocuqniea25. 4 anu (iecmmenn) OD 
“epee &= = .eci tubing at the top center of the chamber. 
The steam was distriktuted alecng the cénterline through a 
Ferfcrated stainless steel manifold running the length of 
the chamter. AMGtcthette thee ColteneOL th=sboctcmune- the 
chamber returned the condensate to the d¢-superheater. A 
Mermeric deal erranch lire located in the peturn line directly 
keneath the chamber was open tc atmosphere. This prevented 
the chamber from beccming pressurized. in addition, a 
continuous jet cf steam issuing from this tube indicated 

a 


that the supply to the chamber was adequate. 
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Steam Chamber Close-up Showing Rod Heater 


Pap @> 2.3 





Cl Veep ac =. 220 0¢ 
Meebo y) -e GS hecsessary tc prevent condensatie> 22 = 
Meee Cf the inner glass panel. TRLS Was accomoi: op 
Meeeanc tle ait space between the glass panels with 704 
Meer. lS Heaters ‘wore 0.432 mw (19.0 in) lone and 3.0 mm 
ei 25 in) pupecleMeter Fwith a power Output of 165 “Hattie 
each. Meeeceatens hele inserted through holes Grilled is 
Saemencs cf the spacer frane. Two heaters were required per 
eme-, Ore was plaecec along the bottom of the ait space ani 
BeerCther a@pproximately half way up. Alt four heaters wires 
SeecrCllead With cne rheostat. The heaters are visible in 
Peqgu=¢ 2.2. 


The test specimens were mounted on a he 
was centered within tke chamber. The hea 
Meee Lem two Shee zs of copper 0.388 m (15.25 
te t3./5 in) Wide and Geo5 mm (0. 25 17) eine: 

a 


Seong the Eetiphery ky 6.35 mm (0.25 in) Square, brass kar 
szock. Maem inmtericz> wes divided in+<o three longitudinal 
chemkers by brass baffles. Ceccling water entered and exited 
Peegechagtbper through 6.35 mm (0.25 in) OD stainless steel 
migecewnhich protruded from the ends of the heat sink. After 
installing the internal baffles, the sntire unit was brazed 
peemamtne periphery tc form a Single, leak-free unicz. Once 


assemktled, the large flats were lapped to previde a smcoth, 
uniferm ccntact surface. The heat sink was suspended in the 
center of the steam chamber by passing the watar inlet and 
cutlet tubes into ktulkhead fittings mounted in the eénd 
plates. The end plates were belted in place before tight- 
€ning the cempression nuts on the bulkhead fitzings. The 
coolant, tap water taking a single pass, was supplied and 


Gmeseharcged through 6.25 mm (0.25 in) diameter nylon tubing. 
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Pemeerom 2 olive. 7/5 rm (0.03 1h) Cae 1. 
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Meee wsUbSt=ste ManGuial and coating sys "er. A 
ound 2 


ipa cum: C \ 
Beemeary ccncerm Was the ability <o on ae specimens 
meantily against =h Pesepse rk *ReOrdsr "LO Nin _ Ti ze contact 
resistances. Pm ccamac seaCCCNbUISh Cnis, “solr equiscaced 
peeeele ss Etesi tracks, 3.2 mm (0.125 in) by 4.7 mm (9.1875 
in), We=re Taescened to Gach face of the heat sink with 
counter-sunk machine scréws. The tracks were pre-drilled 
and tapred to receive stainless-steel clips which were held 
toolece Fy se= screws. The cli ey 


Ciip 
clamp each specimen against che heat-transfer surf 
i 


anc lcwer edges. 


oe 
> EP PP ae ee el ee eee ee 


An additional concera was ths ability to provide @ 


meiaeabie steam supply. Housé st¢ea G20 sole bcs las 
Mescewpevatlesic, but the sezvice pressure was greatly in 
excess of atmospheric. Therefore, when throttled to atmcs- 
BapeEic eTLessure, the stsam entering the chamber would be 
Superheated by approximately 60 K. im, 2 elclas eae Glejalaes tupee 
NMants such as rust and scale were common in the system. ei 


crder to reduce the pressure and the degree of superhea* and 
Peovade a) sediment trap fcr nen-volatile contaminants, a 
stainless-steel tank was fabricated. The tank was 0.66 o 
Oot e engin and 0.33 m (13 in) itn diameter. The bctton 
Seeen]= tank was Situated 1.92 m (72 in) DeloOwethe bot ccm of 
the st¢am chamber. The steam Supply eine. fron “the 
de-superkeater to tke chamber was 25.4 mm (1 in) OD 
stainless-steel tubing, while the condensate return line was 
Zee erin 


(Ons D stainless-steel tubing. The combination 
Ceeclevat2cr 4 


0 
steam line diameters made a gravity return 
a the need for a condensate return 


rossibis, thus eliminating 


pump. 


to 
(a) 





reece weCincnecod) bY Snjecting steam  inzc *a> 
Eee: Cm CI = d@-surerhsater through a Ssparger <tuce. The 
Metre 2. Stam ¥aS ceonzrolied bv 4 throttling vaive. The 
esteem fpass:d through the deée-superheater cto the chanber, 
condensed on the heet sink and the condensates returned tc 
Meee ce—-Supeshester. After one hour, steady-state conditicrs 
prevailed in which tke de-superhsater was approxinatesl; 
MG@e-thirc Sull of water and the rsturn condensate was 
ralanced by overflow from the da-superheatser. 


Co ESBAT-TRANSFER EVALUATION FACILITY 


Mee apparatus usec to determine the guantitative esifec= 
cf a coating on the outside heat-transfer coefficient was 
Meserited In detail ry Poole [ Bef. 20]. A brief descricticn 
of the apparatus will be given hére. A schematic of the 
Syster is shown in Figure 2.4. 

Stéam Was generated in a 0.305 m (12 ir diameter glass 
u 


) 
g wen 40CC-watt immersion heaters. The stéan 


roiler usin 
maemo passed through a 0.305 om (12 in) sie (UE S72 i ei leaeabe 
meueer into a 2.44 m (8 Et) vertical section, through a 180 


d 
Gegree bend, and then down a 1.52 m (5 f£%) vertical section 
heme w=rtetzing the stainless steel test section. The cubs 
~ Wes Meuntecadsncrazontally an the cent¢r cf the 
Den nd eae VLewlng port. Seca lee ac meanco Os 
conden Weems GULe | passed on tO anh auxiliary cecil 
condenser. All condensate was returned to the boiler by 
G@eavicy through stainless steel tubing. Operating under 
vacuur ccnditions of 0.012 MPa (1.62 osia), the test apra- 
Tatus produced vapor velocities of approximately 2.0 m/s 
(esr t/s) case toe tube. 
Cecling water fer the tubes was provided by a céntri- 
fugal pump. A throttling valve was employed to control the 


BEQWEEDEOWGr the tube £rom zero <9 a Maximum of 0.52 
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mea 7= (5-2 Gal/mir) Which erecduced @ maxisum veiccictr s 


ww we 


ieee ye {14.0 ft/s) through the tube. A Con zanucwe Sup cl 7 
Mecireret= >: Was USEA TSF Ccoling tas auxiliary cendenser. 
MemeethneOetling che flow ci tap Water to the avxiliacy 
condensst, the pressure within the system Ceuhe “obs 


As previously stated, the oresence cf non-cendsnsing 
gasses can hav2 a relatively large effect on «he heat- 
meanster rate¢. Extreme care was taker to ensure that the 
heat transfer test apparatus was virtually leak ‘free. As 
@ocumented in (Ref. 20], the experimental epparatus was 
successively improved until it could be repeatedly demen- 


rh 


strated that the rise in pressure due to the ingress o 
é 


non-condensing gasses was l 


— 


u 
Ssmemen 5.0 mmeig (0.1 psia) in 
twenty-icur hours with a syst¢m pressure of 80.0 mm Hg (1.6 
Geto meCr iemeese tune, “an air ejector 
he system pressure to roughly 100.0 mm 
bep (eos CSla). tort lomueaht, the AlE EGjJECtGE was Secured 
and the toiller was energized. After boiling had ccmmerced, 
mye waar, €3J=CtOr was again activated ior approximately 10 
minutes. Cver many data runs, this purging procecure was 
validated by the absence of any improvement in the 


heat-transf<er by additional furging. 


ieee ccoumencaticn 


The power tcthe heaters was regulated through a 
mppaecm=-cen-~crolled rectifier. This provided precise centrol 
and én accurate measure of the power being consumed. A 
mercury-in-glass mancmeter, calibrated in millimeters, was 
used tc measure the internal pressure of the systen. The 
temrerattre rise thrceugh the tube was measured by a dual 
Channel Eewlett-Packard 2804A quartz thermometer. Ps (cr der 


Deneve de In Situ VErlzlcation of the readings from the 


Sis 
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Bee 2 ree MOnetesr, -a ten- junction thermopils was 2alss ces: 
So measure the tenperature rises, Peo oe cue ela eee Ths 
Beermcpiie wires elininated the considerable vf fregqusacy 
Mepeemrcorenc=. Generated by the boiler rectifier az lew volt- 
ages. The significance or this problem documented by Focle 
meer. 20 i. im=edgnGuro ali of che data ruas, the quartz 
Pe rmeche ter and the thermopile agreed to within £0.03 K. a 
Memeo te.e€d LOtameter was used tc measure the coclant flow 
rate threugh the tube. 

PeGawe data were fecordea on disk by a Hewiet< 
Packéerd S826A computer. With the exception of the manometer 
and rctametéer, all data were interfaced through a2 Hewlett 
Beene ta s497A Data AcquisiticnyControl Unit. The rotamet 


er 
and mancmeter readings were manually entered from the 
keybcard into an interactive data logging and reduction 


Paegran. 


fee erat SEECIMENS 


rmetals used in the construction of condensers 
i as test Specimen substrates: ccrper 
Piipeecopocr, 20% Zinc), Naval brass (60% copper 
pues. O« 15% tin) 


and titanium specimens were 0.76 mm (0.03 in) thick, while 


moana titan lum. The Copper, brass 


eae Naval Frass was 171.52 mm (0.06 in). The sheets were 
sheared inte 25.4 mm (1.0 i21n) Squares. Care was exetcised 


*9 ensute that the skearing operation did not warp the spec- 
imens. fEricr +o surface preparation, the edges were lightly 
feeecedeso2th a file to remove the slight burr left by the 
shearing prcecess. 

Iwce surface finishes were used during this stage of 
pase Td « A "smcoth" surface finish was produced by lapping 
MieM—eeemcreonaccs On a belt Sander using 180 grit silicon 


Se 
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Beem specs @ets of CC grit Ftcllowed by 600 gri abrasive 

r2per mctnted on a glass table. el eGheatdag date, ons 

specimen was rotated 90 degrees and strekei in cniy one 

Girecticn until the markings from the previous abrasive were 

removed. The sp Le 
iS 


< Siv 
eciren was then placed in an uitra-scn 
Poon Om ©Omer feces: (nin h 


qrv. Fer adhesicn purposes, a mirr 
D Hl 


Beovide 4 uniform surface free of gr a 

A "rough" surface was prepared by grit blasting with 
size 40 glass beads with the air pressure set at 0.138 MPa 
(20 psig). The surface roughness produced by this precedur2 
was determined by means of a surface profilemeter. 
Representative samples were feund to have a surface reugh- 
Peta nge ag 2LOm thirty to fitty micktoinches RMS. These 
Specimens were also cleaned in the ultra-sonic bath as 
Erevicusly described. 

[See suefece preparation for the cemmercial coatings 
that were tested was dictated by the manufacturer. In mcst 
cases, the preparation was considered to be propristary 
GnfOrmaticn. Therefore, if the actual surface preparaticn is 
ern cwh, iis tact will §Es noted. Otherwise, the terms 
"“smocth" and "rough" refer to the procedures described in 


meas Section. 


The tubés used in the heat-transfer tests were 
Meena med trem thick wall, lew-cxygen copper pipe. The tutes 
were Q.129 a (9 in) long with an inside diameter of 12.7 mn 
(eoeenye end an outside diameter of 19.0 mm (0.75 in). All 
cif the tubes were machined at the Naval Postgraduate School 
and then shipped to various laboratories and commercial 


eemceamoerc= apolication of the particular coating. 
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Piece  Orgenic cOating Systems were considexzrsi isz 
endurance testing. Ten of the coatings are comnmercialiv 
availarle, while the remaining five are strictly ¢xreri- 
mental. A preliminary screening procedure was necessary <o 
edentify which coatings were likely to produce drorwise 
condensaticn. Peewee Ne ple CileosaCworas- 16S. foe —COnsecera- 
mon were: (1) Career wecoleaace: nergy, (2) thermal 
Seed aiaty, (3) Pie wae oe (SOD eC cen. ere =f 52 
Wey==s, end (4) methed of arrlicaczion. 

jemem@i-ical Suriece tensicn is not a parameter which is 
ncermally measured. However, knowing the chemical structure 


ma 
of the polymer, it was possitle to estimates how well ths 


Seance ng could be expected to perform. Knowing that water 
has a surface téensicn of approximately 71.9 dynes/cm and 
Miserrenage+c Table T, it car be seen that the flucrinated 
polymers cculd be expected tc preduce the best dropwise 
MemaeNcaeriOn, With the hydrecarbon surfeces the next bsst 
@ecicn. For this reason, nine of the coating systems 
selected contained fluorine. All of the coating systems had 
maximum reccmmended service temperatures in excess of 150 C. 
ieaddision, all but one system was advertised as keing 


ressible te apply in thicknesses of twelve micrometers 
(0.0005 in) or lsss. 

It ais important to note that the endurance test was 
@esigned te be rather harsh. None of the coatings tested 
were formuleted ocr developed specifically for the purocse of 
Paqmctine dropwise ccndensation. PhereLore, qualitative 
assessments such as "poor dropwise" or "degraded with time! 
puemidmece be Ccnstrued aS a critical statement of a coat- 
Page ecmaralsty tc perform satisfactorily under the envircn- 
Mental cenditions for which it was intended. Simply stated, 


Sle weGcemments ale meant only te aindicate that a ccating did 


a9 





- -~ < ~ ca . escant ears =, ~ we “~ a) s ~— | * 
Mee Oo SCC Sr aCtcrauiy Unaser severe conditions fer which 

a ~ — deo aan, om a ca ills ~ 5 ~ 
iemewes Ct desiaqned. eee Hap eve llc cr oN Of Comes 422th > 
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data, tne Lollowine Coa abe srs 


No-Stik is a thermally conducting coating, imrreg- 
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Meee PIPE, which is applied by a thermal cr pias 
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Ne-Stik was developed by Plasma Ccati: 


t+ 
2 
QO 


- fcr us2 as a hard-wearing, COLEOSiOn -rsSistant me 
release for the paper, food and plastics industries. The 
actual crocess is propristary information. The=nel- corduc— 
tivity is erhanced [ty loading the spray with copper during 
meolicaticn. No>Stik has superior hardness and the ability 
Ser eMathstand temperatures in excess of 200 C (400 F). 
Unfertunately, the coating cannot be applied in thicknesses 
peeeces then 50 micrcmeters (0.002 in). If the coating wer? 
strictly an organic foelymer, a thickness of this magnitude 
would provide a thermal resistance far greater than th2 
reducticn in thermal resistance due to dropwise condéensa- 
taON. Fowever, Since the coating is heavily doped with 
meee,  2t's thermal conductivity is difficult to estimate. 
Mee=erore, although the thickness of the coating did not 
fall relew «the estimated payback value cf 20 micrometers 


feo 0 tS any, it was still included for evaluation. 


wee,  NEGGX 


Nedcx is a ccemmercially-~available coating developed 
by tke General Magnaplate Corporation for use as a 
corrosion-resistant mcld release. The coating technique is 
MOG CrEtetary process in which avery poztous, hard surface 
of chrome-nickel alicy is electro-deposited on the substrate 
Ele face. The pores are enlarged through a series of 


trrocesses “to accept the infusion of PTFE which forms a 
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emeailcn, @ registered trademark of the Acheson 
Colloids Ccmpany, refers to a family of resin-b2ased, fluoro- 
Beevyneér ccetings. BUT CO POU ES S552 Suen omen COMNDOnen vert cEcyOr 
memoeccerrcn lubricantS in an organic resin binder. This 
coating was developed to provide dry-film lubricaticn and 
eee aconerOCet tics ICr a variety ci industrial purposes. In 
eemaiticr =O a Service temperature in excess of 290 C, the 
Meee eGeexXtsbpi Ss excellent resistance to abrasicn, humidity, 
sees, Chemical attack. Application is achieved with an 
fied 2a.cmiZer gun using an MBC #30 nozzle. The optimun 
cm wear and abrasicn resistance is advertised to 
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Memeoe cenete:s “(0.001 in). The “film thickness 
) 


testing was 20 micrometers (.0008 in 


Iscnel is a registered trademark of Schenectady 
@e-m2cale, inc. Isonel 472 is a clear, thermosetting, modi- 
BPeoa  eclyester insulating varnish. Although not expected to 
perfcrm as well as the fluorinated compounds, ease of appli- 
Been ON, aeVdileability, and low cost mad2= investigaticn werth- 
while. Application WaS accomplished by fastening a 
BM@ostaarte £C a hROrizcntal turntable, placing a smail amount 
eeecae Vatnzsh in the center followed by spinning at 5000 
monet Ct Six7y seconds. MIN eaICC See oo 7 iG.  ko7 Rh Ss at 
yemmeemrEcauced a film thickness of 5 to 10 micrometers 
mee €C2-G.0004 in). The specimen was then cured at 150 C 
Bem =wO Hcurs. REeElicaticn was performed et the Naval 


Pestaqredtete School. 
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was apolied i manner as previously descripéed, bur 


SiGe rg wes accomclished at 100 C for one hour. 


C-6 flucroeroxy was developed by Se) 


e 
Naval Research [Laboratory in an effort to produce a thi 
mM 


iD 
(D 
os 
cf 


eeugh cvrctective coating which would also provid 


= 


rc 
How £10id absorption. At present, tha coatings are ex 
mental and not availakle to the general public. Ape 
NRL ccatings referenced in this thesis were formulate 
pemered Ey Er. Griffith. 

C-6 fluoroepcexy is a — polymer. i 
so naréed because of the perfluorinated, Beight-chain hexy= 


Meo p=esenc On the five position of the central benzen 


73 
oe) 


= 


ring (sé6é4 Ran ies . 265). ‘Thermoseatting compcunds are 


Figure 2.5 Chemical Structure of NRL C-6 Fluoroepoxry. 


Pcercccem=s zed by being insoluble in virtuaily all ccmmezcial 
solvents and by the lack cf a méliting point. When exposed 
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oe = = ae ° “ . Pea 
Memeeragi Temperatures, thermosetting compounds 4¢corrcse: 
Genel Taan Melt. Pico - elo Ete weirs e Des ClCleg= t2a. ,o.y~ 
Mest e2aticn take vlece cr the surface after anvlicatic vi 
= wom we fet Nee Soe ae = — er LS wt fn ~ ae 3 he 


B= 2mecrta 3 Gwe a: PROC ace er Peers 
Bee na=y CE the reactive epexy groups and therefore plays no 
Meee an the polymerization reaction. Enea Ge Mee ws Sach 
Mmepect-boearing fluorine is Sova yee LUOD iia < car. Tas 
MesultS im maximum stability with regard to envircnmenteal 


The C-6 Elucrospcexy nad previously teen tested by 
Been Manvel f{Ret. 8] and Ferkins [Ref. 22]. The results 
weré disappcinting because of the rapid degredeticn ci the 
coatirg. Manvel [Ref. 8] reported that the coating appeared 
to disscive after a short period of exposure to steam. 


Seance tre eroxy is a thermosetting polymer, dissolution is 


Virtually impossible under the test conditions stated. Mcre 
likely, these earlier results were caused by an inadequate 
kond Eetween the Substrate and the coating, allowing it to 


n 

Bemeomystcalliy removed, cr by an insufficient cure which 
mowed whe CcoOating,to remain intact but lose its hydro- 
Meemhic Er@perties. After discussing these problems with Dr. 
Griffith, a modified C-6 was supplied for the endurance 
test. The catalyst tsed was ethylene-diamins. Cum img © ook 
place at room temperature for eight hours followed by 


Meee y-exGht hours at $0 C. 


The BCE-7 flucroepoxy has an chemical structure as 


@-oeecteo an Figure 2.6€. DAevoOuCghast trian tO 21S C—6 , there 
are hasic differences in the group attached to the five 


Peete n Gn the central ring. ineadd2 tion, a tr luero anhy— 
dride curing agent was utilized with the following cure 
schedule: three days at rocm temperature, twenty-four hours 


at 70 C and seventy-two hours at 120 C. 
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Begure 2.6 Chemical Structure of NRL BCE-7 Fluoroepoxy. 


8. NEL C-6t Flucroepoxy 


Peceeo"’ CilvucrOoecpo xy waS a@ Variation of the ECE-7 
[meme tcCeECxy formulated by uSing an adduct cr the C-6 fluo- 
roepoxy es the curing agent. The curing process was the 
Pomel as that of the ECE-7 coating. 


Like the rlucroepoxies, *the NRL fluoroacrylate is a 
therrcsetting polymer. After application, the specimens 
S 


Meme cunjvec.cd tO a fitrcgen purge at 50 C. Caco, 


rr{ 





Eagquce 2.7 Chemical Structure of NRL Fluoroacrylate. 





SecOmplschsd Sy 2xpcsure tc long wav2 length, ultravioie: 
emer cs. C LOS 30- mlnutes. Tae Chemical arrandemen-= 9f 
Meenciuorcectylate if shown in Figure 2.7. 
1G. NRE Flucroacrylic 

MicmiReePUOrcacrylic Mas cha>acteristic Of 2 2inéas 
MeermCpliastic. [Ine acrviic difizers from the epoxies and the 
PecyYalet> in that there is no taree dinensional, cross- 
BexaGgng cretweer the rccelymer chains. Die Sie Kos uec is se wy ls 
Memerecn-ly iess tough. Mieco tere ty her, dg aie nernestas tic 

1: 


BeeGcreto application. AP ee rep e Lyne: EZ aul a, the 
eczylic can be disscived in a cemmercial solvent and then 
applied. In this case, freon was used as the car 


Curing wéS accomplished at recem tamperature by ever 





Figure 2.8 Chemical Structure of NRL Fluoroacrylic. 
Bemoremcantioers. Unlike a thermosetting plastic, the acrylic 


can ke removed ty dissolving it with frecn. The chemical 


Pemlierumeronr the Elucrcacrylic is shown in Figure 2.8. 
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Meee acs Sad PTFE 


Gekgiiteg ee icw pressure with an inert g 
Maeve tS Utilized to provide a néegat 
se 


O 
Home Ceulses GemEO OSCcOMme a cola Cathode elec=ron 
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emivted electrcns ionize atoms off the g 
which are then accelerated toward the negatively cha 
Benget. The positive ions strike the target with suffici 
force tc dislodge atcms or molecules. These dislo 
molecules mcve through the plasmé and re-polynerizs oo 
Substrates and the exposed surfaces of the chamber. A thor- 
Smet description of tke glow discharge process is given R 

ay 


oces eset -ewd eevee O mC e DOS! .. witha -—- ha 


Ps 


Pnas p i 
Seaencs CL tUuniferm thickness on virtually any substrate. 
The process does have some drawbacks. KOSS alie)e) alls) est ice 
Sealy Jine-ci-sight and relatively slow. Th 

t2ce peke it somewhat difficult to coat a round object such 
as a tucé. The cne-inch-square sputter coated specimens had 
peecoatin thickness of approximately 0.4 micrometers which 


Beqagsted aprroximately one hcur of deposition time. 
Iz. Faryieane-N 


Farylene is a génezric name for a family of thermo- 
fliastic polymers developed by the Union Carbide Company for 
MSs as a conformal, insulating coating for the electrecnics 
industry. The most kasic parylene member, parylene-N, has 


the simple chemical structure shown in Figure 2.9. Because 


i" 


oMmenGteciactacal £0 melt or extrude and because it i 
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Figure 2.9 Chemical Structure of Parylene-N. 


mysOlukle in conventicnal solvents, parylene is not gr 
as a eccelymer 1ik= mest thermovolastics. Instea 
produced as a dimer. foo ewe nels DUG nt Ou 


g 
heating process winder vacuum. This process producés 
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tive mconcméer vapor which, when passed over an object a 
u 


temoeratrre, polymerizes on the surface formin a 
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coating. Parylene is tough, can be applied as 
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meee =u .0x 10° 3n), has excellien= chemical Bamee. 
Smeeit= thermally stable up to 120 C. NOCeue 0 DOr cara iy, 
Preke Mecs+ Other vacuum depcsition process2s, the precess 
#s net “line-of-sight.” The process will produce a uniform 
Brceenceenecne t¢p, Ecttom, and edges, inside and cut, on 
Peeeiicdly any object. 
fhe parylene coatings were applied py the Lawrence 
eevertcre National Lakcratory (LLNL), which is licensed by 
mgenunion Carpide Cczrporaticna. Two s¢ts of samples were 
coated with parylene-N; one set with a thickness cf 0.5 
Pee tecreter (2.0x10- sgl) and the other 1.0 micrometer 
(4.0x10° in). 


47 





13. tarylene-d 
Earviane-D, a double chiortinated parviense, is 
Meeotes If the Same Tanner 4s carcylene-N. it has eke cren- 
ou 
CH CH 
2 ey: 
eal 


Figure 2.10 Chemical Structure of Parylene-D. 


Meek =stLuctures shown in Gs Deen Ore Paryleane-D was 
selected tor evaluation because it pessesses a meisture- 
YVapCr transmissicn rete only cne-sixth that of parylene-N. 
As befcre, two sets cf samples with thicknesses of 0.5 and 


1.0 micremeter were supplied-Ey LLNL. 
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Fepcoo 6122 is a grarphite-based, solid film lubricant 
u 


1 
develcred fcr the nuclear industry by Power and Engineered 
EuU@aucts, Co. fis CGacing is stable to 300 €;, has a cosft- 
meee c.: friction cf 0.08, is chemically resistant, and 
can ke applied by spray as thin as 12.0 micrometers (0.0005 


pa) 


Silicone polymers pessess unusually low surface 
tensions. Siliccnes are available as oils, greases, rubbers 
and as thermoplastic or thermcsetting polymers depending 


upon the uacnomer and polymerizing conditions. Enea tacre 


We 





Memmeretic  sctcuCctuZSG consists of a Siiicon-oxygen-siliicon 
Semereete COMO Ned with organic grsuos. Eyes ey 
Segemsic 2i4¢ chains, EQS SErerser tes SE Lhe poliyyes Cen 
merlec. For Sxamoile, mectnyl groups have been used cto 
promote thermal starility and water | ipso CONS 
Mmeged=. An Sxaminaticn of Table I indicates that a critica: 
surface tension as lew as 21 Gynes/cmn could bs axrected from 
mies CoOpeo nation. 


The silicone tested was Silgan J-500, @ high quelity 
Semm=ercial coating manufactured by the SWS Silicones, Inc. 
meewnh TOr its durability and «oughness. Application of this 
coating was performed at the Naval Research Labcratory. 
MeecLtunetely, the coating proved to be somewhat difficult 
feomarerliy which resulted in a rather thick, uneven coating. 
It was decided to test the coating for its endurance and 
hyd=ophctic characteristics before attempting to develop a 


meccedtLre fcr applying a thin, uniform layer. 
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TIT. EXPERTMENTAL 2ROCEDURES 


A eae! we! “ 
arte 


meme EROUSANCE TEST 


Oo 


Hemecps Woz¢ UuSed to hold the speci 
C 


* . e ~ 
Sink shite theav were clanced 


x 
iD 


me -hen placed in fe 


S 
tight. Mee e@e-c CCOlant. Control val 


ct 
| 


G 
their gaximum positicns allowing water to pass through th: 


heat sink. The steam reguiating valve was opened until 
steam issued from the branch line beneath the chamber. As 
the stean condensed, the condensacte would return aeénd 
commence filling the de-suverheater. Steady-state was 


reachéd in appreximatéely oné hceur when the de-superheater 
Peeeeeevugily-sone=-third full. hee oos. VOlmMn- ee | Setbucned 
condensate was balanced by cverflow from the de-superheater 
discharge. The steam regulating valve was then adjusted to 


rrovide a steady flow of steam from the branch line. This 


i 


ensured that the chamber was receiving the maximum amount of 


eteam which could be condensed. 


Visual cbservaticrns were conducts Geel vee ineeads= <6 
provide a permanent, visual record, ohotographs were taken 
Pec mcmrECtLGWwing intervals: 0, 260, 790, 1509, and 2000 
hours. Periodically, the system was shut dcecwn in crder to 


remove specimens which were net performing satisfactcrily. 
These were set aside for examination under the scanning 
electron microscope (SEM), and new samples were installed in 


muslin claces. 
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Eo HEAT-TRANSFER EVALUATION PSOCEDURE 


eee n = exCepoicr, Pocile [REES 204 provides &@ Getais 

Mego ps. chn Of Ehe OFerational ezrocadutes, date recucczicr, 
Memeece@EQeet  Orogqrans utilized during the heat-trans 3er 
evaiuaticn stage. Tke one exception concerns the use of @ 
Meeese ie anscrt placed Within the tube being tested in cxrder 
=O enhance the inside héeat-transfer coefficient. The justi- 
Mmerceer 8c> eEntancenent of the inside cosfficient can 5b: 
explained by examining the manner in which the outisde 
Meee -seerns fer cocificient was determined. 

The total eat transfer can be computed Erem egquetion 
fei: =ahe raght-hard side being measured or known quanti- 
eo iceed (3.1) 

p 
mcs, Meaewovetauiy hoat—transte> coesEficient can now be 
Semouced uSing equaticn (3. 2): 
U =C/A ATIo C3) 


Since the inside of the tube was thoroughly cleaned befcre 
+esting, anc all of tke nonccendensing gasas were effectively 
eliminated, the resistances due to these two factors were 
Gencaidezed negligible. 

Since the inside heat~-transfer coefficient had previ- 
cusly been established using tke Sieder-Tate correlétion and 
the wall resistance was well established, the outside heat- 
meameres coefficient, which is ae combination of the condéen- 
saticn resistance and the coating resistance, can be 


fomputed £rem equaticn (3.3): 


We = 170 =A 7h, A. - BR (3.3) 


al 





= e —_ Area) ~ = ad _— > a - as ea _~ - : _ - - ~ => ~— 
i i= —_— a ~ — —_ any * ~~ = = ~ nm ~ 
Mee, CicSias fesistance would be much smaitler than the inside 


Bes 1 Vde.sestctancs would cenzrol the 
beocescs. Therefore, small uncertainties in the detexmina- 
mou Cr Fhe inside resistances would produce relatively large 

2 


mee order «co minini 

Mga mece OY Ucil2Zinc a concentric soiral insert which rar 
mae length cf the tube. Tre increased turbulence precuced 
Ey ~he insert resulted in a decrease in the internal thermal 
Pesaccance. Utilizing a plain copper tube instrumented with 
pemewesl thermocouples and the spiral insert, the insid= 
coefficient was determined using a Sieder-Tate-type correla- 


c 
mmron Gi =e form shewn in @guetion (3.4): 


= ome PY isu) =" +B (3.4) 


Pe ~aiis tegarding the determination of this coefficient are 
gedeen Ref. 20 and Ref. 26. 


Same ceroiCAl PROPERTIES TESTS 


Tue andard testing precedures were employed to assess 
meecii2ae Ehysical characteristics orf each coating; ASTM 
epecificaticns D 3355-78 Measuring Adhesion by Tap2 Test and 
MeeoS-74, Film Hazdness by Pencil Test. Since both cf these 





mescemd=c« destruccive, it WaS not possible to subject speci- 
mens which were to be tested fcr endurance. Live T EaOLTS >, “As 


least cne specimen frem each group of coatings was held back 


HOEMG@eSt=>Nctive testing. The results derived from the 
testing cne specimen rer set were assumed to be representa- 
mieecucc ell samples in that set. 
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Bee LC NDUPANCE TEST 


Pieageehis Stage cE the thesis, evaluation wae limited 
Dd q 


Meme v2suei chservaticn supported by oariodic ohetcatanhic 
sessicnrs. Paeierdecl dropwise condensation, the <¢rcos 
Pema atpear Spnericel in shane, exhibit a large contact 
angle and grow tc ne more than two to three mm in diameter 
Sorte departure. Teparture from a vertical surface should 
eee, St EaiGhe «€6©6doOwn and the drop should retain its 
spherical skape. A flat appearance with irregularly-sharped 


Pem@es CLLirg grewth and the presence of a "tail" during 
d2parture are indications of "less-than-ideal" dropwise 
condensation Althcugh ideal dropwise condensation was the 
Mesme gesi=actle characteristic, durability and ease cf arpli- 
Birlce wers el1SoO impcrtant censiderations. Therefore, a of 
number coatings whick exhibited somawhat less than ideal 
dropwise condensation were still. considered for heat- 
transfer measurements. A 6s EyVeOuoalWthe “eoatings gand 
the results of this stage of testing are provided in Takle 
i. 


ieee NO= Stik 





Two identical sets, ¢ach consisting cf four sampl 


(D 
in 


d 


Applicaticn and surface prevaration were performed by the 


a 


Mm 


Beorescnting the four different Substrates, were test 


Manufacttrer. In order to verify previous observations, the 
second set was installed in the steam chamber approximately 
2000 hcurs after the first set. Micrometers were used to 
determine @&@ mean ccating thickness of approximately 60 


weerc@eters (0.0025 in). Due to the uneven texture of the 
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Figure 4.2 Ho-Stik Br Ti 790 hrs. 
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Figure 4.4 Ho-Stik Cu Br 4000 hrs. 
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Ce 2 tee eee OS he eon same CC enn 
Meee Ceact ly 2ppersn> ir Sigures 4.1 through 4.4. The 
Meors are neariy srherical, exhibit a relatively iargs 
SemceaecC. angie, and grew tc approximately 2.5 mum beéefcre 
departtre. However, the rate at which =he Grops departed 
the surface was noticeably less than that of other epecimens 
Meee ener. e=> | |6CCatancs DGS eeaphecaese (4 Lowes” eat flux 


caused by the thermal barrier imooséd by the co 
u 


After more than 4000 hours of conti us SxpDosure, 
thas ccating showed virtually no signs of physical degrada- 
nO fl . The brass and copper samples were lightly speckled 
Been Gbeen Which was attributed to oxidation of the ccpper. 


An Memamet2on ci an "as delivered" sample with the SEM 
ealed small holes in the coating which exposed hs 
substrate. ExX@mination of an exposed specimen revealed 
that, alithcugh the ccating was not affected, the substrate 
was Leinc attacked at these vcid sites. However, <this did 
nCt e@fp2ar to affect the quéaiity of the dropwise ccndensa 
Beeeemence G20 =he Oxidac:on apsecer to undermine the ccating 


in the inmediate ee of the voids 
Fased upon tke quality or the condensation and the 
GGeeate ty ce th] ccating, No~Stik was selected fcr heat- 


transfer measurements. 


A tctal cf eight Nedox samples were tested, twe sets 
Gemenentcur different substrates. Surface preparaticn and 
apelzcaticn were performed by the manufacturer. The coating 
thickness, supplied Ly «he manufacturer, was approximately 
5.0 micremeters (0.00C2 in). This was confirmed by viewing a 


secticned semple under the SEM. 
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Figure 4.6 Nedox Br Ti Cu 264 hrs. 
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Figure 4.7 
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Hedox Ti Cu Blank 790 hrs. 
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Figure 4.8 
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Se7densaticy. was very good to excellent. This was trus icc 
So 2ccimers HOMME VW@ie, 2222 ESET V—==2dnk AcuUrS, ail cf “he 
meres Werte TZOticeacly carke=> in coloz, G@2G2 2a. oo reac- 
meen Ci the substrate with the environnent. AS east, 
Mee Gielsvy of the drepwise cecndensation was not noticeably 
aifectec. AfFter 24C hours, the condensaticn mode on the 
upper-half of the néval brass speciman was filmwise. This 
Specizen wats removed for examination, Meee Pl ZOO necurs; 
cniy the ccppsr specimen axhibited any degree of dropwise 
seadensceticn. The changes in the quality of the ccndensa- 
Beeowemeas <=s readily evident from Figures 4.5 through 4.8. 
After 30C0 hours, the remaining specimens were remceved and 
the secerd set was installed. Although the exposure time 
varied, the pattern cf osrformance was virtually the same; 
fee, gecd *0 eéxcellent drepwise condensation cccurred 
Boicialliy, oe eumears| radual darkening of the sutstrate¢ 


follcwed by a gradual degradation in drepwise performance. 
Examination cf an unexposed specimen under the SEM 
revealed a mottled surface cevered by a thin, smooth, trans- 


arent 


S 


een. The transparent film was presumed <tc be the 


h=Eicn a while the mottled appearance was dusé tc the 


eesome-nickel plating. Examination of an exposed specimen 
revealed that although the chrome-nickel plating was intact, 
the film had been peeled back or completely rémoved. Pieces 
See he claim still partially attached we visible with th: 
naked eye. tiemeloss Of tne Terlen film accounted for the 


Meemore seme hydrocphckhic characteristics of the ccating. 
ee 


ke Set Caio CMC Mc SamlOSSG EE COlLGa «not. pe 


Pect=-e fesetvyations about the durability of this 


coatinc, «he excellent nature cf the dropwise condensation 


mde this eoaceng a  capdidate “fox the heat-transfer 
expec = inents. 
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nape awe ae ee oe a 


— = a wr fe le 


. ee 


mee=2, Wak insta ater. The 
naval Eress samole was withheld for destructive testing. 
emictaatup, dll of the Sampiss behaved predictably; 
condensation was mixed to filmwise. This behavior was 
enticivated because the fluorecarbon lubricants are bended 
Memthe substre te with an organic resin binder which was not 
likely +0 posséss 4 particularly low surface energy. 
EXaminetion under tke SEM revealed flucrocarbon particles 
imbedded in a resin maatirx. However, with one ¢excepticn, 


the mcede cf condensation radually began ‘t0change after 
apprcximaetely 500 horrs of exposure. EXCGDe  sOnp eene CCD ECGE 
merase = oe cOndensaticr first turned from mixed +0 pcor 
dropwise and then tc good dropwise. After 1000 hours, the 
titanium, krrass and naval tress samples were producing fair 
to excellent dropwise condensation (sé2 Figures 4.9 through 
4.12). An SEM examination of the exposed specimens revealed 
that the resin binder had keen washed or eroded away, 
thereby expecsing more of the imbedded flucrocarbons. This 
effectively lowered the critical surface tension of the 
condersing surface. The ccpper specimen never froduced 
dropwise ccndensation. ine sde-pacs ln Goud tae CODpe> Colcred 
areas could be seen with the naked ey2, it was evident that 
the ccating had been almest completely removed. These 
results were consistert for beth sets of specimens. 

Although the ktrass, ‘titanium and naval brass speci- 
mens preduced geod to excellent dropwise condensation in 
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& 
Sescs Cfimlo0Omrours, Enralken. 333, was ct. considered for 
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Figure 4.9 BewaloOn 433 Br Gn Ti. 1500 hrs. 
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Figure 4. 10 EiEalon Sosepeecu fae 2000 hrs. 
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Figure 4.12 Earalon 333 Br Ti 3000 hrs. 
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Meee clears fer measurements tecause of the necessity c: 
Bags™ rg" <se ccating and the undesirable effect of conteai- 
Meee Ct ELS heat ctrensfer apparatus due «9 the renmowz) of 
moe binder. 
#. isonel 42 

Meecea™ Of E€ight iIscrel 472 samples were *#2eeted; 
four sutstrates, €ach with SOuUgd he anGdmmcnocC tims ure= dee 
finishes. Tae initial condensation mode was characterized 
M—m=aib)-C FOOD dropwise. The drops exhibited @ relatively 
mew CCntact angl grew to 


eC ce Esc ditess an Shape, and 
a 


iD 


Besoximeacely 5.0 mm (0.2 in) before slowly departing th 
euriecc. Atter twenty-four hceurs of exposure, the ccndéensa 
#20n mode had changed to filmwise. This indicated a change 
in the critical surface tensicn of the ccndensing surface. 
This change was attributed to absorption of water by the 
Gea’ inc. This result was the same for all samples. After 
1000 hours, the samples were removed. No further cbserva- 


=r™ons were corducted. 





5- Isonel 31-39£ 
A tctal of eight samples were tested. The results 
were virtually identical with those of the Isonel 472. No 


further ckservations were conducted. 

ieee Petaemmarce Of che 4725 and the 31-398 was rot 
Meexpected. These pelyesters could b¢ expected to present 
Lasically @hydrocarteon surface to the condensing steam. 
Therefcr¢e, these compeunds could be expected to have a rela- 
ivetyontgh Critical surface tension which should preduce 
relatively coor guality dropwise condensation. Other phys- 
ical characteristics, such as ease of application and avail- 
ability, made polyesters an attractive candidate. HOWEVEI, 
their inability to svtstain dropwise condensaticn eliminated 
them frem further ccnsideration. No further tests were 
rerifcrmed with these compounds. 


64 





nevali brass, end secant ne wort aeusc dean the ~2HO 2ateacs 
finiskes oreviously described. The brass séenvles were 
reserved for destructive testing. Because this compound is 
miy availarle in lirited quantities, applicarion was by 
meen claticr than by sprayi 


ina At ; 3 MHI ae “sent-aAa in 
is Noes Si eS. a _ SS So etee yet 


emmunevsn Sstrtace texture estimated to be 5.0 to 10.0 nicro- 
meters thick. The estimate cf the ccating thicknsss¢ was 
Getergined with micrometers and confirmed by viewing a 


NM with the SEM. 


Terlel 
sectioned pertion of a specime 
SPeocamersommpsOdleceq “aaa te sqcod 


Nee Ot 6Ucthe|606U tS 


dropwise ccndensaticn. As can be seen in Figures 4.13 
marough 4.16, the drops aré somewhat flat, Bee Te Giuleie ae aT: 


Shape, and grow to 4.0 mm (0.16 in) in diameter before 
Eeowly Geparting the surface. After 100 hours of ¢xposutre, 
the surfeces of the ccepper and naval brass specimens showed 
Pons Cf OXidaticn. The oxidaticn gr2w progressively wors¢ 
until after 1000 horrs the surfaces were ccmpletely black. 
The oxidaticn of the surfaces cf the reactive substrates) 
mirmmeated that the ccating waS incapable of completely insu- 
lating zhe substrate from the environment. However, this 
did net seem te adversely affect the performance of the 
Ceaqeing Which remained virtually unchanged during the first 
Pegomrcurs OL Operation. ALUCmecoOOmm VOUnS ep cliu Of the 
smooth samples eéxhikited some degree of separaticn of the 
Seating fr¢cm the substrate. AE cee Cm MOuG eS ;meth= Coating 
btecame unbcnded from the smcoth samples causing blisters and 
kare spots cver 20% tc 30% of the surface. ThesS BCG eon 
existed in excess of 4000 hours. 

Although the cxidaticn of the copper and naval crass 
surfaces cculd be fElamed fer the deterioration of the 


pooeivesaqtalie2e6s cf ‘the epoxy, this is not the case for 
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Figure 4.13 Hite C—6 -eu/S “cCu7R 0 uorse 
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Figure 4.15 NRL C-6 Cu/S cCu/R 1500 hrs. 
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Figure 4.16 HRL C-6 CuyS Cu/R 4000 hrs. 
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7 4 , a ~ oN oe < A ar ~~ gu Vote fe te we = 
maeaeOUatS bond With the smccth surraces. aL © idee a 
meagn S£c2eCimnens 42a net experience any delamination cvsz “ne 


E ve “he 
adherence of the coating. 
Fase2d upon durability and good dropwise cericrmance, 
Meroe eCatangtwas Saiected fcr hest-transfer avaluaticr. 


The specimén arrangement for the C-6' fluoroepoxy as 
well as thé application and thickness of the coating were 
Heenticel tc the C-6 epoxy. In addition, the endurancs te 
results were virtually the same. The reactive surfa 
Peper iencea progressive oxidation, changing in colcr fro 
meeaht i ccoprer or brass to auniform dull black. Af<te 
meagnay 00 hours, the coatings on the smooth specimens 
Smowed signs of deterioration. ROP eex end vely = 304 OL Zhe 
coating tad been renrcved frem the smooth titanium sample, 
while cn the smocth ccppéer and naval brass samples, although 
physically cresent, the coating had blistered and cracked 
allowing ccndéensate to pass tetween the coating and the 


substrate. After 2400 hours, the rough specimens were still 


pericrming well. The departure size and shave of the drops 
@2=aq) net differ markecly frem the C-6. Therefore, wha Ss 


coating was not selected for heat-transfer measurements. 


€. NRL BCE-7 Flucrospoxy 


~otal cf six BCE-7 specimens were tested including 
Ecth rough and smooth surfaces of the copper, naval brass 
and titanium substrates. Although this coating should have 
beeamraagnlyenydrcphokac because ci the high ccncentraticn of 
per cr clps, tne dropwise condensation was judged to ke only 


fait. Within two hcurs, the condensaticn mode had changed 


ac 





mo f3ifwise. Closer examination revaaled that over 90% of 
Tae CCating nad been removed from tne supnstrete. Meee eo 8 CS. 
Mee ences Ci CL UNIS €Ceting was entirely unaxpect=e*. At 
Peeeeateescn r£Cr “he inadequate bonding of the ccating to 
the suks*rate was not apparent. HOWSVeOL, weene Per ror nancs 
was ccnsistent fer all substrates and surface finishes. No 
further tes*s were attempted with this coating. 


hetGest ce Six Flucroacrylate specimens were tested 
Mieawucing bcth cough and smooth surfaces of the ccpper, 
titanium and naval k-rass substrates. AS with the ECE-7 
BeWOrcercxy, this ccating was virtually non-existert on any 
@meecene SUEStrates witkin twe hours. Since both coatings are 
thernmcsettirg polymers, they cannot be dissolved. 
Therefore, this behavior arrears to indicate an inadequate 
bemaense<keen the coating and the substrate An adequate 
Pemt@anasien for this behavicr could not be discerned from 
the lirited number of samples involved. NOW here wess ing 


ements per-icula> ccating was attempted. 
1C. NRL Fluozoacrylic 


AS with the fluoroeroxies, six Samplés were tested. 
The three smoorth samples failed almost immediately. Small 
patches cf the ccating could b2 ssen floating away with the 
condensate. However, all of the rough specimens produced 
Ggeme te €xcellent cordensaticn in excess of 2500 hours with 
mo Signs of physical cr hydrophcbic degradation (see Figures 
M217 threugh 4.20). Although the drops are somewhat large, 
32.8 mo (.15 in) in diameter before departure, they exhitit 
a larger contact angle and a more uniform shape than either 
cf the eéepexies. ineadaa. 2on-, Bio Ox dar temerate of the 
reactive surfaces was noticeatly less than either of the 


epoxy ccated surfaces. This indicates that +he acrylic was 
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Figure 4.17 MREwAer yi cecu/S eTayR 0) hrs. 





Figure 4.18 NEL Acrylic Cu/R Cu/S TIi/R 700 hrs. 
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Figure 4.19 NeiencLyine cu/s/e VOOO hrs. 





Figure 4.20 EXE PAcrylie® Cu7kR T27R 2000 hrs. 
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Beeeec= clic tO insulate the substrate from the environrent 
fem oecesic Of Tericrmance aid duzability, the coating «é 
SeLected icr heat-transfsr peasurenents. 
eeepc LEE 

Pescrecl Ot Sixteen FTEF samples, two compliers sets 
@erOUL SurESstrates end two surfac2a finishes, were tested. 
uence eS] LECN one Lirst set were tested fer 24 total cf 3000 
hours kefore being repleced Ey the second set to verify 
previctus cbservations 

Immediately after startup, all of the specimens 
produced excellent peep etae condensation. However, within 
fou= hours, she condensaticn moda on the brass and naval 
brass specimens had changed from dropwise meme LNGS 
completely filmwise. The titanium samples also showed signs 
Mee atierg, Arter Ecrty=ez ght hou=zs, only tha covper sreci-~ 
mens continued to prcmote dropwise condensation. After 240 
hours of exposures, the non-rerforming specimens were removed 


BemeeXatinat:on under the SEM. 

The copper spécinens were 2xposed in the test 
Gmamecr £cr 3000 hours. The performance of these specimens 
G@lemmg ~has period is shown in Figures 4.21 through 4.24 
Threughcut thea test, the copper substrates showed signs of 
Sewgettem: =neir CoOl¢r gradually turned from a bright ccprer 
Semamoui.! clack. As can be seén in Figur= 4.24, both ccpte 
Eeceamers Were performing poorly at the end of the test. At 
this point, the copper specimens were removed for examina- 
tion and the second set was installed. None of the samples 
from the séecond set produced dropwise condensaticn after 


four hours cf exposure 


Examination cf various specimens under the SEM 
revealed different mcces of failure. In the case cf tita- 
Tium, the PTFE was net adequately bended to the substrate. 
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Figure 4, 21 Spuccerea PIrkyCu/S “Cu/k 0 hrs. 
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Figure 4.22 sputtered FIFE Cu/S Cu/kR 790 hrs. 
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bre substrate from the environment. Numre 

memos stets caused by the oxidation of the substrate 
beneath the coating, covered much of =he surface. Ae! 

Was Llevealea macrcscopicaliy by a gradual dark- 

fweag Cf the surface and a degradation of the hydrophokic 

BNeeacceris ics of tke coatina. The LCapidetacwuee sect etn> 

Second set can only ke attributed to voor adhesion. 

AS pointed out in Ref 9, adhesion is dependent uron 

Seppe c2CcCrs scene cf whicn are rot fully understocd. 

Aletncugh scme Film-substrate combinations exhibit geod adhe-~ 


sion, seme of the mere interesting combinations are inccna- 


patible in terms of adhssSior. io mebesllts Of his tese 
indicate that the adktesion qualities cf sputtered PTFE on 
the various substrates must be thoroughly investigated 
Berore wuLilazing this “process sO Gd2=poSit chi ime inc mmon 
condenser tubes. Fased upcn these results, Cie seCacandg 
technique was not pursued for heat transfer measurements. 


12. Farylene-N 


Perctal CE ECHICGht sSaulples, |LOUr GirLerent sukStrates 
with two coating thicknesses of 0.5 micrometers and 1.0 
micrcmeter, were tested. The coatings were applied by the 
Lawrence Livermore National Lakecratcory onan “as available" 
basis. Due to scheduling difficulties, it was not possitle 
to prepare Lhe SUbSera.c Surtaces mp2. 0r tO weca ting. 
Therefcre, unlike the other specimens, none of the spécimens 
to be coated with parylene-N underwent any surface prepara- 


On. All of the specimens were plated in the "as 
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Figure &.25 Parylene-N NBr O hrs. 





Figure 4&. 2€ Parylene-N NBr 800 hrs. 
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eee ean 


— = A oe 


mee eeeecs ane “es celivered" Condit.on WAS Similar "2 tn2 
Nemoctna” suzface previously described. However, Beer p24 So 
mete  Lecezvyed with a surtac= similar tc tas *reugna" 
surface cr the prepared specimens. 

Upen exposure to steam, seven crf the specimens 
Bee ed) F2cthin twenty~fouz hours. Headey niwieece- os ed bts- 
Bers COVErecaq as much aS 90% Of the substrate suritaces. TAs 
Cnly <¢tecimen +t0 perforn Satistacctorily was the one- 
feeeeigime 76> <n ck coating cn “he raval brass substrate. As 


1g 
imeieerceseen in Fagures 4.25 and 4.26, this coating precuced 


dropwise condensation which could be characterized as fair 
wengocd. iecmd ae Os ereesOolewnat 2aregqular but grcw to only 


Beemer (.18 tn) an diametes before guickly departing the 
EG@etace. After 1500 hours ci exposure, this specimen showed 
Memeesronmc Of Biysical cr hydrerhebic degradation. 

s¢d upen the limited number of parylene sanrples 
Nyeqg anc obser tons cf cther coatings under similar 


O 
Benge t’@cns, failure can be attribuzed to two causes: surfaces 


P2n2ish anc 7 thickness. Nie wEac mee natwomey Nee ha Val 
Meese 2peczmen with the 1.0 micrometer coating endured, 


indicates that a rough surface is necessary te insure proce 

—. This finding 1S consistent with observaticns of 
G@enez coatings. In additicn, thicknesses of less than one 
ficrcreter appear to be incapable of withstanding the test 
Save ben ient. It is surmised that water vapor can penetrate 
eeemw ultra-thin ccatings in sufficient quantity to eventually 
undermine the bend ketween the coating and the substrate 
Sie Eece . fies cD SSiVet{ONwas Supported by the failure of 
ere 0.5 M2czOmeter coating cn the rough, naval brass 
substrate and the appearance cf water filled blisters cn all 
of the failed specirens. Tiempo istere 2sndicated that, 
althcugh the coating was continuous and firnly m= ached aa 
the edges, condensate had scmehow collected between the film 


engawne Sics rate, 
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Slee Soa taeece OL the One gocc senrls 
fem cOLe=deracicn giver <6 i2tS unique o_o eee cS eS, 
er 


es Veen ey Saree es 
Ceo eee a Soe Ne Asi one i= 5 


MUGica nee conis theses. However, 
P2keeGen perylene-D srecinens, ote eS OSt eae e-ewee | «=6COCTE 
PMPBiccemmGaaisnce and. thtexpesses Of 0.5 end 1.0 micremeter 
are currently undergoing endurance Sco erempaue leg) Tn? 
Sieeemng cf =his thesis. 


a aoe 


S=nes th: 


W 


application and su 
mips Ccatang Were priecprictary, only fouz specimens reépre- 
¢ tested. VEChe ld. stn= 


Mire al CGNadensSatlcn mods was dropwise, it gradually turned 


ie 


ing the diiferent substrates war 


Gone mixed ccndeénsaticn, part dropwise: nd pase | fa emws se, 
eee pe yO hours. This Eemained the steady-state mcde of 
Semvencact en [Or over 2000 hours. The most likely e¢«xplana- 


t 


tion fcr the gradual change was the absorption and retention 
Gemeweter Dy the coating. This had the effect of gradually 
eee che CrEiticGad SUEEACE tension. Although the ccating 
did nct fremote dropwise condensation to a degree that would 
Moeeeant further investigation, the coating did not suffer 
pnysical dégradatior by ¢@xposure to steam at atmospheric 


pressure in excess of 2000 hours. 


Tiewecilicone Peompeynd tested produced only fair 
dropwise condensation. The drops were relatively largs 
miec, and itrregulaxr in shape. ited 2 1tOnge ene Coating did 
not adhere to either the rough or smcoth surfaces of any 
substrate. Blisters, filled with water, appeared within 
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Peer os saGAL PROPERTIES TESTS 


The results cf the physical properties tests as well as 


*he endurance test results are summarized in Tabi¢e II. 


Remo lLAT-TRANSFER RESULTS 


Peec@tal @£ Six GCatings  wer2= selectsd for heat-transfer 
measurements. Rea lizoncoe thas, for dropwise condensaticn, 
the determinaticn of the outside heat-transfer coefficient 
Mewevecenciti ve tc vaziaticns in che inside coefficient, 
rere care was exercised in establishing a relia 
repeatakle Sieder-Tate ccefficient BOn er mace Na lily 
anced smcoth tube. Are Gel r1 C1 ane oF Gr sO 0G So uw a= 
SEcep. Of (8B) 26.9 was established for «the Sie 
aticn through the analysis cf data taken from a plain 

rtube instrumented with six thermocouples. Although 
not ncecrmally associated with the Sieder-Tate equaticn, the 

ree of an intercept was necessitated by the lew L/D 
Samene test tubes. These values were used for deéter- 
Hinirg tke inside heat-transfer coefficient for all subse- 
quent data runs. Meds certapeton rorecehne Gata acquisitior end 
reducticn for determining these values is previded in Ref. 
woeand heft. 26. Figure 4.2$ shows the variation of the 
“Nusselt numter as a functicn of the Sieder-Tate parameter 
for the instrumented tube. All of the data runs, a minimum 
c—£ twe fcr each coating, were made under vacuum conditions, 
approximately 0.012 MPa (1.6 psia). The mass concentration 


cf the ner-condensing gasés was maintained at +0.5% (i.e. 
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eieeve £2> ares opicttec in Fi 
Meo EUCXETOSses, dara repre 
smooth tube are 
memtiecinrg and plot 


meme USSG an Ret. 20, a listing oF tne program (DRESS) end 


m 


Sample cf the reduced data are provided in Appendix A. 
Bmeccgraphs Of the tubes unde actual test conditicns are 
peeves deqd an Figures 4.30 through 4.33. The perfcrmance of 


eaen ccating Was as fcllows: 
1. No-stik 


Even though this coating produced excellent drcpwiss 
@endenseticn, the cutside heat-transfer coefficient was 
reduced by a factor of two-thirds when ccmpared with a 
smooth tcbe undergoing filmwise condensation. aeee rc Sule 
is explained by the thickness of the coating which averaged 
wemeom OG T-crometere (0.003 to 0.004 in) thick. Alt hough 
the ccating was heavily doped with copper to improve conrduc- 
tivity, the thermal resistance imposed by the coating was 
far tcc gréat to be offset by the peneficial effects of 


dropwise condensation. 
2. Nedex 


The Nedox coating impreved the outside heat-transfer 
Seeerricient by 700% to 900%. This represented the best 
Enhancement produced Ey any coating. However, queésticns as 
Bence ne durability of this ccating, which” were raised durin 
the endurance test, still remain. No degradation was 


evident during the heat-transfer tests. 


CO 
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ters 
inv 
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hp 
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oo 


Iwo thicknesses cf parylene-N wer: tested: 0.5 223 
feo Macrcns s-. Poses WEG cOne ces CSG Tong “Sekencec tne 
eme=2de cOocfficient from 600% to 750%. Weve xe oee cen ale iS 
the increased thickness, the 1.0 micrometer coating produced 
eemowe= enharcemert cf 500% to 600%. Howevee, clicse instrec- 
mwermctecwne 0.5 micrcmeter ccating after tht heat-trarnstier 
tests, revealed small ar2zas in which the coating was regin- 


= 
Peed ec teel or crack. The Ohe-Micrometer coating showed no 
d 


e 
Signs c= deterioraticn. This result was consistent with the 
emoirance =est which indicates that 0.5 micrcmetere ic <t00 


[om tc Erccwe reliatle durability. 


4. ¢€-6 FlUuOrOeDCcxy 


The NRL C-6 fluoroepexy produced an improvement of 


c Zz4uQ%. Alt hcugh considerably greater than a smooth 
neaeéergcing filrwise condensation, these results are 


an those achieved by fin tubes (See Ref. 20). This 


- 


h 

cinting perfecrmance was probably a result of the 
g thickness. Application by brush produces é ccating 
hietene aS Slightly toe thick. The thickness on the test tube 
was e€stirzeted to be 10.0 to 20.0 micrometers. Although very 
durakle, an application technique which will consistently 
Peemece eh Ultra-thin,weunitcem coating must be utilized if 


tems secating ic to be exploated for enhancing heat transfer. 


ere riucroacrylic 


D 


cae the NRL fluoroacrylic is a thermecplastic 
Beemer, #2) Can De cGesily thinned prior to applicaticn. 
This makes a thin, uniform coating more easily obtainable 
when ccmpared to the epoxies. In this case, the coating was 
eaemma 2c 2e DS 5.0 to 10.0 micrometers. Therefore, the 
MeNOtedecryicc Was Gatable OL producing enhancements of 500% 


Seno UC. 
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Figure 4.30 Nedox. 





Figure 4.31 NRL 
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Figure 4.33 Parylene-N. 


89 





¥. CONCIUSICNS AND BECOMM 


A. CCNCIUSIONS 


fle During the cordensation of stéam on horizental 


3 


é 
TUDES, tre cutside heat-transier cceftficisnt carn be enhanced 
PeYe te ight times through the us2 o£ organic polymer coat-~ 
ods A 500% increase can be achieved with ccatings cf 
gencnetrazed duraoility, ae Se coatings which showed no 
degradation over a winamum period of 2000 hours), where¢a 
the higher rates can be achieved only by coatings cf ques- 
tionable durability. 

ie Because of their hydrophobic charact2ristics, ¢ass 
Gemwarplicatson and the ability te be. applied in ultra-thin 
layers, the fiucroerpexies and fiuoroacrylics represent the 
best alternative for the application of a low energy, ee 


rocazrton surface. 


ee Beth the Nédox coating and the parylenes citer 
possiktle alternatives to the epoxies and acrylics once their 
durability is firmly established. 

ae A rough surface is 2ssential for the proper bonding 


cf the pelymer coatings tested. 

Sye The ultra-thin polymer coatings tested were inca- 
pable cf ccempletely insulating reactive substrates from the 
environment. 

oye The outside heat-transier coefficient is highly 

Moetave =O Uncertainties in Ciemucns de coctficient. 
Therefore, the inside coefficient must be ciearly ¢stab- 
lisned Eefore attempting to infer the outside coefficien- 


from cverall neasurements. 
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Fo. RECCHEMENDATIONS 


ct 


Be. Comte ndestO evaltliace the paryléenes for dutacrility. 
a 


}— 


When cecmpared to the cther ovoarylenes, parylene-C has re 


tively lew water vapor and oxygen transmission fa 


ct 
iw 
(n 


Therefcre, parylene-C should be included in the evaluatior 


e 
ah 
adm i 


Cea 


4. Attempt to reduce the thickness cf the No-s 


eee crg. 


jte 


5. Letermine and eliminate the cause for the deter 


iD 


OLa> 


H 


mone CE =he NEDOX coating. 


6h. Apply selected coatings to tubes made of materials 


meme tow =thermal conductivities, such as stainless steel or 


t+ «£ 
42 
Pa 


eee eG G2etermane the sttect of Ehe constriction resis- 
sence upcn thermal rverformance. 

fepenecLaet tO Enevent oxidalzion and eventual ccating 
Beil ure, uS@ nen-reactive substrates. ae oS eS Nem 
rossibiec, the substrate should be plated with a non-reactive 


sub-layér. 


oa 





The fellowing 
peocram used for 
Beoct ind. 
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rag 
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UTER EROGRAN LISTING 
Coeeoomecsetmc ss LiSelig Of “2=he comtuter 
Ga ce Ques. e110, Gata E2averscn and 


gz 





129 


i a ae 


FOP ho ho — — 4 se se —e 
Sooo oa Goa 


FO~m SOON Boy 


ud 
CS 


eee tae RP 3 
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Piet. ky} 

ere Cis 

DATA 0. 19)BE091 25727 .94 3h, -767345 .9295 , 78025595 .31 
DATA -9247486589.,6.97688E+11,-2.66192E+13,.3.94078E+14 
READ CC) 


Di=.0127 ' Inside diameter of test tube 

Da=.01305 ' Dutside diameter of test tube 

Nr=.915875 ' Outside diameter of the outlet end 

Dsse=.1524 ' Inside diameter of stainless steel test section 
Ax=PIl*Dssp 2/4-P] «Dori 

eee eS Y Condemns no leneth 


L'=.960325 lnlet@end» fin length’ 

Le=.034925 POutletwend = Phin length 

Keuz 365 ' Thermal conductivity of Copper 
Rm=Do*LOG(Do/Di)/(2*Keu) | Wal! resistance based on outside area 
Pelle R Ss : 

CLEAR 719 

BEEP 

Bee US TRG 84x. ° "SELECT OPTIOtH:°"" 

PRINT USING “6¥.°°! Tabina data or re-processing orevious data’’”” 
eeewielistiG 6A, "2 Plettine data” 

INPUT Tae 

PRINTER IS 70! 

IF Iop=2 THEN 4620 

et ee 


IHPUT "ENTER MONTH, DATE AND TIME (MM:DD:HH:MM:SS)" Dates 
OUTPUT 709: "T0":Dates 

OUTPUT 709;:"TD" 
ENTER 709;Dates 


PRUMNT Honth. date and time :":Dates 
PRINT 
Seelewollis 10%, GIE: Program name : DPRP3°°" 
BEEP 


THEUT “ENTER DISK NUMBER™.On 

Pee USING “16X.°"Daisbh number = “00°: Dn 
BEEP 

PET “ENTER INPUT HODE ¢!=3054A.2=F ILE)”. Im 
IF Im=1 THEN 

Pere 


INPYT “GIVE A NAME FOR THE RAW DATA FILE" .0_files 
PFINT USING “16¥."° "File name : "" 14A":D Files 
CReAlE BOAT D_filed.15S 

ASSIGN “File TO D_files 

Ifg=9 

Inn=1 

Tut=h 

HUTPHYT ef rte:Ifa.Inn 

IF Ifqg= THEN OUTPUT @F ile; Iwe 

EL se 

BEEF 

MiPOTS GIVE THE tHAME OF THE EXISTING DATA FILE” .D_frtes 


BeeiiieustiGe lox.  Ihis analysis was performed for data in file “,.10A":D_ 


BEBE : 

THPUT “ENTER THE NUMBER OF RUNS STORED” .Nrisn 
ASSIGN @File TO D_files 

PRU EReE rile: ifq.inna 

IF Ifg=0 THEN ENTER @File:Iut 

Soe. F 

BEEP 


a 





feco IMPUT “ENTER CPIION ctx T. 2=T-PILE .3=<AVE)", Lim 

1839 REES 

1640 INPUT “ENTER G98TION FOR E'Ip-f IN EFFECT ct=¥ 02M" [fe 

poe eee tim-)) THEN PRERT USING “16X%.°"Thiec analysis uses OCT readings 
cee Teettm=2 TREN PRINT USING “I6X.°“This analysts uses T-PILE readings” 
teyzt fF Itn=3 TREN PRINT USING “16X," This analysis uses average of QCT and [-P 


faa tei te=1 THEN PRIMT USING “16X.°"This analysis includes end-fin effect 
foe TPette=0 THEN PRINT USING “16X.""“This analysis neqlects end-fin effect’ 
1709 IF Ife=!t AND Inn=0 THEI! Cr1=.0224 

1710 IF Ife=0 AND Inn=0N THEN Ci=.032 

Ieee Tee ifes! AND Inn=! THEM Ci=.079 

leetoe [fF lfe=0 AND DTan=1 THEL t:=+.675 $' This value is arbitrary 

1740 «TF 6lfe=1 AND Inn=-3 THE! Ci=.042 

1750 IF Ife=0 AND Inn=3 THEN C1=.0483 

pou PRINT USING “16X."°Sieder-Tate coefficient ome ee) Gh 

img Bec? 

1780 INPUT “GIVE A NAME FOR PLOT DATA FILE” .P_Files 


Wee CREATE BDAT P_*11e3.5 
lae0 ASSIGN™®Filep TO P_files 


Tevo) BEEP 

ee THe ENTER OUTPUT VERSION Cl=SHORT .2=LONG)”. lov 

1 J=0 

1240 IF Feav=t THEN 

taon PRINT 

i250 IF inf=! TREN 

faeo PRIMT USING “!10X.°"Data Vu Uo Ho Np Uv F Nir 
1880 PRINT USING “I10X,"" 2 (m/s) (R/m'2-K) (W/m 2-K) (W/m 2) (m/so"" 

tear ELSE 

feo PRINT USING “MX. "Data Vu Vo Ko Np Us 
Peo 6 PRIA USING *10x%.°" *# (m/s) (W/m 2-K) (N/m 2-F) (W/m 2) (m7 Ss) 
Wje0 END IF 

leee stiO [Fr 

1940 So_on=!] 

1950 Repeat:! 

fa60 (0k 3=! 

Tag. Jan 1 

13980 IF Im=t THEN 

ip > BEEP 

Soe my “LIKE [@ CHECK NG CONCENTRATION: C1=7¥.0=N)2° Na 

20 BEEP 


Pee feet ENTER FLOWMETER READING" .Fm 
2020 QUTPUT 799:“AR AFSO ALS3 VRS" 
2940 QUTPUT 709:"AaSs SA" 

2050 ENTER 703:Etp 

2960 OUTPUT 709:“AS SA" 

2970 Vtran=0 

oueo FOR I=1 10 50 

2090 ENTER 7093:Vt 

feo VYtran=VtrantVt 

gree NEXT I 

2120 Vtran=Vtran/50 

2130 OUTPUT 709:"8S SA” 

2p BEEP 

Stu) TPMT “CONNECT VOLTAGE LINE™,Ok 
2160 ENTER 709:Bvol 


BEEP 
<!80 INPUT “DISCONNECT YOLTAGE LINE” .Ok 
2190 OUTPUT 709:"AS SA“ 
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2c30 ENTER 799:Ramp 

221N ANUTPHT 709:-"AR RE DN ALD4G VR" 
Pees FOR f=) 10 4 

2250 BUTPUT 709:"AS SA” 
2240 Se=0 

2250 FOR K=0 TA 10 

2250 ENTER 709;E 

2270 Se=SetE 

2280 NEXT K 

2290 Emf(1I)=ABS(Se/10) 
2300 NEXT I 

23:9 OUTPUT 709:"AasS SA" 
Meeo OUTPUT 713: °T I ROE” 
2330 WAIT 2 

2340 ENTER 713;711 

2350! QUTPUT 713:"T2R2E"’ 
2360! HAIT 2 

e370! ENTER 713:T2 

2280 BEEP 

2390 INPUT “ENTER T2",T2 
2400 T2=9.0378E-2+T2*! .003451) 
Soe eGUTPUT 7133"TIRZE" 
2420 WAIT 2 

2430 ENTER 713:7T12 

2440 T1=CT11+T1294.S 

, eooo! OUTPUT 713:“T3RZ2E” 
2460 IF Ng=0 THEN 2599 





2470 BEEP 
2480 INPUT “ENTER MANOMETER READINGS CHL.HR.HRW)".HI,Hr Hr 
g2-0 BEEP 


2500 INPUT “OK TO ACCEPT THIS RUN ¢(1=Y=DEFAULT ,O=N)" ,Ok3 
2510 IF Ok3=0 THEN 

2920 J=J-1 

2530 GOTO 1960 

2540 END IF 

2550 Phg=HI+Hr 

2560 Pwater=Hr-Hrw 

e270 ELSE 

2980 ENTER 8File:Bvol .Bamp.Vtran.Etp.Emf (0) .Emf (tl) Emi (2) ,Emf (3) ,Emf (4) Fm. Ti,T 
2.Phq.Pwater 

2590 IF J=! OR J=!0 GR J=29 OR J=Nrun THEN 

2600 Ng=!l : 

20 ELSE 

2620 Ng=0 

2550 END IF 

2640 END IF . 

2650 Tsteam=FNIvsviEmfto)) ' COMPUTE STEAM TEMPERATURE 
2660 Troom=FNIvsv(Emf (3)? 

2570 IF Iwt=! THEN 

2680 Twm=0. 

25390 FOR I[=0 TO 5 

2700) Tut lL =FNUTvsvtEmf¢l+5)) 

2710) Twm=fumt+Tu 1) 

Z720 Phex) I 

2730) = Twm=Tum/5 

2749 END IF 

2750) = Tcon=FNIvseviEmf(4)) 

2760 Psat=FNPvst(Tsteam) 

oe? 20) Rohg= 12529-122<(T room-26.95)/50 

2780 Rowater=FNRhow(Troom) 


oh 





2790 Ptest=(Phg*Rohg-Puater-Rowater)=9.799/1000 
2800 Pmm=Ptest/135.322 

2310 Pkm=Ptest*1.E-3 

2620 Prs=Psat-1.E-2 

2330 Pkt=FNPvsv(Vtran)*1,.E-3 

2840 Tsat=FNIvsp(Ptest? 

23850 Vst=FNVvst(Tsteam? 

2860 Ppng=(Ptest-Psat)/Ptest 

2370 FPest=1-Ppng 

Pee htma='/(01+18.015/28.9/7*Psat/(Ptest-Psat)) 
2890 Vfng=MFna/(1,.608-.608=*Mi ng) 

2309 Nfraoq=¥fng- 109 

2910 Ving=VFng*100 

Zoe BEEP 

2930 IF Iov=2 THEN 

2949 PRINT 

2920 PRINT USING “10X,.”°"“Data set number eae UD 
eeu END IF 

2370 =6oIF ITov=2 AND Ng=t THEN 


ae PRIN? USING "10x."” P Psat Ptran Tmeas [oat N 
ih ose 
2990 PRINT USING “19X%.°°" (mm) (kPa) (kPa) (kPa) (C) (C) Howal 
ass see 


3000 PRINT USING “10X.5¢(3D.0D.2X).2(30.0D.2X) .2¢M3D.D.2X)" sPmm,Pkm.Pks.Pkt,Iste 
am. Tsat.Vfng,Mfng 

3010 PRINT 

3020 END IF 

3030 IF Mfng>.S THEN 

3040 BEEP 

2050 PRINT 

3060 IF Im=1 AND Nq=? THEN 

su70 BEEP 

Sua0 PRINT 

3090 PRINT USING “10X.""Energize the vacuum system °°" 
3100 BEEP 


cowed ul OK 10 ACCEPT THIS RUN Ct=¥,Q0=N)?" ,Qk 
Seo IF (0k=0 THEN 

elev BEEP 

Seu Uloe eMM@TE: THIS DATA SET WILL BE DISCARDED!! “ 
3i58 WAIT 5 

3160 GOTO 1980 

Sa) END IF 

oie0 END IF 

3120 6END IF 

2200 IF Im=t THEN 


3210 IF Fm<10 OR Fm>100 THEN 
3220 I fm=0 


Bear 
5240 INPUT “INCORRECT FM (1=ACCEPT.O=DELETE)”,Ifm 
3250 IF Ifm=0 THEN 1960 
SesU0 END IF 
327) IF Jfa=!l OR Iwt=0 THEN 
3280 QUTPUT 8File:Bvol.Bamo.Vtran.Etp.Emf (0) ,Emf¢1) Emi (2) .Emf (3) .Em i (4) ,Fm.T1, 
T2.°hq.Puwater 
3230 END IF 
3300 IF Ifg=0 AND Iwt=1! THEN OUTPUT @File:8vol ,Bamo .Vtran,Etp.Emf (+) .Fm,T1,.72,P 
hg,Pwater 
3310 END IF 
3320 IF If3=0 AND Iwt=1! THEN OUTPUT SFr lel: Tul) 
3330! ANALYSIS BEGINS 
3340 Ti=FNTvsvcEmf (2)) 
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eailorad( Cy * +t. ye ,5) 

Peeeo Ete? /CI1O-tbrad)<! .E+h 

Geact1-Th) 

RINTER IS ! 

Pie lsanG UE GT) 

Pi SING OT y 

IF E€rt>.S THEN 

Beer 

eee. “OCT AND TC DIFFER BY MORE THAN 0.5 C” 
P 


Be 

peut dk 1G GO AHEAD ¢(1=Y.0-N)?”" Ok 1 

EMP IF 

pee ai OS ae) ee Ne or =e 
PRUNt USING “Dt €f-PILE>d = °" 7.30": fo-Ji 

IF Qkl=90 AND Erl>.5 THEN 4640 
Er2=ABS((T2-T1)-(€To-T19)/¢T2-T1) 

TF Er2>.05 THEN 

DEEP 
pee OCh AND T-PILE DIFFER SY MORE THAN 52” 
GEEP 

INPUT “OK TO GO AHEAD (© t=Y.0=N)?" Ak 

IF OF 2=0 AND Er2>.05 THEN 4640 

END IF 

PRINTER §S 701 

IF Itm=! THEN 

T1i=T7! 

co=T2 

EHD. IF 

IF Itm=2 THEN 

Tlieti 

T2o=To 

END IF 

IF Itm=3 THEN 

ies 1.5 

agers + lad=.5 

END IF 

Tavg=(Tlit+TF2o)*.5 

Cow=FNCpw( Tava) 

Rhow=F IRhow( Tavq) 
Peesbugsoe-34+6.9851957E-2-Fm 

Ne=me"O1.0365-! .96642E-3°TayvgtS.252E-S<Tava 2)/.995434 
MF=Md/Rhaw , 

V=Mt7 CPI =)1 2/4) 

[eelan@0 THEN [2o=TZo-¢.0138+.001+Vm" 2) 

IF Inn=t THEM T2q=f2o-.004*Vy 2 

teeinn=3 THEN TZo=T2o-.001@8Vu 2 
NQ=MdeCowe(T2o-Tli)d 
Qp=0/(PI<+Do*L) 
Kw=FMKw(Tayvq) 
Muw=FNMuw! Tavq) 
Rei =RhoweVyeDi /Muw 
Prw=FNPru(Tavq) 
Feal=). 

Fe2=0. 

Cr=I, 
Hi=Kw*C1/D1<«Re1 .3¢Prw . 33 
DG=0/(Pi-Die(L+Lt=Fel+tlée-F 
Cheo= (Muw/FtMuy( Tavgt+Dt)) . 
IF ABS((CFEe-CF)/CFed>.01 THEN 
CF=(CK+C Fo) =.5 


iain 


ae oe ale 
UO Deiat 


~ 
— 
oO 
— 

toow 


oF 





2250 
3560 
235) 
3939 
S250 
4000 
&O10 
4020 
430 
4040 
4050 
4060 
4n70 
4080 
4090 
4100 
4110 
4120 
4130 
4140 
4150 
4160 
4170 
IVS) 
4190 
4200 
4210 
4220 
4230 
4240 
4250 
4260 
4270 
42780 
4230 
4300 
4310 


4329 
4330 
4240 
4350 
4360 
WarHO . 
4370 
4380 
Vv 
4290 
4400 
J4}0 
4420 
4430 
4440 
4450 
4460 
4470 
4480 
449) 
4500 
4510 


4 he 


GQTH 2900 

END IF 

foovfe=9 THE! GOTE 4060 
P1=P[#(J01+Do) 
Al=(Do-Di)<Pl-(D1+Dod«.5 
M1=(Hi*P1/(kKeur91)) .5 

P2=PI «(D1 +Dr) 

fpewcnr pro -Pl*(DitDrd<.5 

C= (H1=P2/(KeusA2)) .S 
Fel=FNTanh(Ml=*L4)/¢N1*L1) 
Fe2=FNTanh(M2=L2)/¢(M2«Le? 

mae =i2o-9) 11) /LOGCC 1Ssteam-111)/ (i steam-T29)) 
Wes (im o=  l<[\o=t > 
Ho=z=I/¢1/Uo-Do«L/(D1<¢(Lt+LteFel tLo-Fe2) *H: )-Rm) 
Deen (CP lei (Ltt1-Fel+L2=Feld-Hy) 
TF ABS¢((Dte-Dt)/Dte)>.N! THE 3900 
Hf a=FNHFa(Tsteam) 

NUTPUT @Filep:Qp.Ho 

Q1=560 
Witees=)17(100-25)*(1steam-lIronm) 
Hf c=FNHE (Tcon) 

4f=FNHF CT steam) 

Mdv=0 

Bo=(Bval«!00) 2/5.756 
Mdvc=((Be-ODloss)-Mdv<CHf -Hfe) /Hig 
IF ABS (CNdv-Mdvc)/Mdvc)>.01 THEN 
Mdv=(MdvtMdvc)*.5 

GOTO 4190 

END IF 
Mdv=(MdvtNdvc)=.5 
Vg=rNVust(Tsteam) 

VveNdveVag/Ax 

IF love? THEN 


PRINT USING “10X."" T (Inlet) Dota (a 
PenedSTHG ~10X.°" ACT TG (Ciera: 

PeeiottGe 10% ,2cC0D.DD.2X),.2¢62.30.,2X)": Ti. 11,J2-f1.To-Th 

Pam USING “10X,°" Vu Ray, Hj Ue he 
er i sees 


emeeusatiG “TOX.7.00.1X.5¢4Z.3DE.1K).MZ.00°:Yuw.Rer,H:,.Uo,Ho.0p.'/v 


EMOn IF 
levitavel THEM 
lee int=1 THEN 


pote otio TIX .00.2X.2,.00,2X.2°50.0.2X) 2.306. 1X,.2.00.201X,.30.0D0" 35, Vu. 


Qe Vv ,F Nr 
Boe 


ee noe Wp aaX.2,00,2%.2°hD,.4DE,2X) .2.30E.3X.2,0D°:5.Y¥u.Uo.Ho.Qp.¥ 


END IF 

cD IF 

IF Im=t THEN 

rc 

INPYT “WILL THERE BE ANOTHER PUN ¢1=Y.0=N)?" ,Go_on 
Nrun=J 

IF Go_on=! THEN Repeat 
EBIESE 

IF J<Nrunm THEN Repeat 
EWP IF 

© Jm=t THEN 


Pee tiiGe Ox. MMTE: “".277.°" data runs were stered in file 


a 


Le LOA): 





emeeortieloriG (0x, hE: “",2Z2,°" X=Y¥ pairs were stored tn plot cata file 
eeoenun 21,F fale? 

4570 ASSIGN tFile [0 = 

4580 ASSIGN ®Fileo TQ = 


= eee 
Seo 2HPUT tL ixe 10 PLOT DATA (1=¥.0=N)?" 0k 
461M j(&[F h=1 THES] 
eee 88 ALT Pilot 
4630 END IF 
45640 END 
4650 DEF FuPust(Tsteam) 
4660 DIM rcs) 
See ere eee F4564,-25.98022696, -'68.1706546.64.23285504,-118.9646225 
mee Dale 4.16711732,20.3750676,1.69.6 
46390 READ Ke) 
700 T=(Tsteam+273.15)/647.3 
$710 Sum=0 
4720 FOR N=0 TQ 4 
4730 Sum=SumtK CM) =C1-T) chet) 
4740 NEXT ?"#! 
4750 Br=Sum/(T<€14K (5) =C1-T)4+K (6) <C1-T) 29) -C1-TISCK C7) *=01-T) 24K (SG) ) 
4750 Pr=ExXPrer) 
4779 P=22120000*Pr 
4780 RETURN P 
4790 FNEND 
4800 DEF FNHF Q(T? 
4810 Hfq=2477200-2450<(T-10) 
482 RETURN Hf g 
4830 FHEND 
4840 DEF FNMiuw(T) 
4850 A=247.8/¢f+!33.15) 
4260 Mu=2.4E-5+10 A 
4870 RETURN Mu 
489 FHEND 
489) DEF FNYUvst(Tt) 
AS0) PebiPyvst(Tt) 
4310 f=It+273.15 
43920 xX=1500/T 
Mee «=F f=) /(}+F<! .£-4) 

P2=(1-EXP(-X)) 2.5-EXP(X)/X .5 

4950 B=.001S5S"F1-.900942=F2- .nN04882-Xx 
4960 K=2*P/(461.S2T) 
tae «Y= t+ {t2=B=K)~ .5)/K 

4980 RETURH V 
4990) FNEND 
S000 DEF FNCpwCT) 
"019 Cow=4.21120858-T*¢(2. C6826E-3-T+(4. 423618 -5+2.71428E-7«T)) 
5020 RETURN Cowe#1000 
5030 FNEND 
504) DEF FuRhow( T) 
Beene Re=399,52946+7<¢ .01269-7-(5.482513E-3-T+1.234147E-9)) 
S060 RETURN Ro 
S070 FNEND 
5080 DEF FNPrw(T) 
meee Pre 0 3976605-T<(1.3749326E-2-T-¢3.3968875E-5-3.45026E-7*T))) 
S100 Prw=FNCpwtT>*FNMuw( TO/ENR wT) 
S'110 RETURN Pry 


on 





—e oe 6 cee a oe 8 


5610 
5620 
5630 
£640 
2650 
3651 
36790 
5630 
5630 
570 
5710 
S720 


Y Kae 2562989441 - 


FRHERD 

DEF Filkiys PT) 
(2,296 4S546E -3-T-¢1.509766E-5-4,.0581652E-8*T)) 

eee poela) f27 9.15 

Kua. 2247 +X" (2 

RETURN Kw 

FHEND 

DEF FNTanh(X) 

Poon cx) 

Q=EXP(-X) 

Daphne (7-007 (P +9) 

PL TURN Tanh 

FNEND 

DEF FNTIvevi¥> 

Caney ccs CC) 

T=C(0) 

FOR I=t 10 7 

T=T+C( I) «VI 

NEXT [ 

T=1+4.73386E-3+T=(7.692834E-3-T-8.077927E-5) 

RETURN T 

FNEND 

DEF FNHS¢(T> 

HF=T#(4,203849-T+#(5.881328-4-1+4.551/60317E-6)) 

RETURN Hf +1000 

FNEND 

DEF FNGrad(T> 

Gpad=3?. gag3+.104583=] 

RETURN Grad 

FHEND 

DES FNTvsp(P) 

Tu=!110 

T1=10 

laetiutilo-.5 

Pe=FNPyst(Ta) 

IF ABS¢(P-8°)/P)>.001 THEN 

aes <P THEM TleTa 

IF Pod? THEN TuneTa 

GQTO 5450 

EHD IF 

RETURH Ta 

FNEND 

DEF FNPysv(V> 

PeiGenolaste.cobUSIE+4a= 

RETURN P 

FREND 

SUB Plot 

Hohe CCS) 

PRINTER IS 705 

BEEP 

INPUT "OK TO SELECT DEFAULT VALUES FOR CAGE ",Qbhd 

IF Okd=1 THEN 

REEP 

INPUT "ENTER PRESSURE CONDITION ¢t2¥.2=AD" [va 

END IF 

Bee 

PiPOT SELECT WRTION ¢l=Ho.2=Dt?”. [ht 

IF Ohd=1 THEN 

ivan lht=! THEN 

Xmin=100000 

Xmax =600090 


’ 


1 
Soooa ko UU =K*(.925//-.07244<%))) 


100 





Yamin all 

fmac=! 2H 900 

ka ter=*O0000 
Yetep=25N00 

EHD IF 

IF [va=2 AHD Iht=t THEN 
Xmin=400000 

Xmax=!.6E6+5 

Ymin=0 

Ymax={20000 
Xstep=40N800 
Ystep=2)000 

END IF 

IF Iva=! AND Iht=e THEN 
Xmin=0 

Xmax = 30 

Imin=100C000 

Ynax =600000 


Xstep=10 

Ystep=!)0000 

END IF 

{F Iva=2 AND Iht=2 THEN 

Xmin=0 

Xmax= 30 

Ymin=460000 

Ymax=!.66+5 

Xstep=10 

Ystep=490000 

END IF 

END IF 

IF Okd=0 THE? 

Beer 

INPUT “ENTER MINIMUM AND MAXIMUM X-VALUES"’ .Xmin. Xmax 
BEEP 

iLNPUT “ENTER MINIMUM AND MAXIMUM Y-VALUES", Ynin, Ymax 
Beer 

Tee ElljerR STEP SIZE FOR X-AX1IS”,Xsteo 
Beer 

Dewy “ENTER STEP SIZE FOR Y-AAIS” .Ystep 
END IF 

Seer 


Pose flesP1:IP 2300,1800.8300.6800:” 
creme Shed, 100.0,180:TL 2.0:" 

Sf x={00/ (Xmax-Amin) 
Sfyv=100/0Ymax-Ymin) 

BES 

[eqg=0 

LTWPUT “LIKE TQ BY-PASS CAGE (l=7Y.0=N=DEFAULT)?° [cq 
IF Icg=1 THEN 6650 

PRny Pu oO, PD” 

FOR Xa=Xmin TO Xmax STEP Xstep 
X=(Xa-Xmin) «Sf x 

Poly PAT TX." Os XTs" 

NEXT Xa 

PRINT "PA 100.0;PU;" 

PRINT “PU PA 0.0 PD" 

FOR Ya=Ymin TO Ymax STEP Yster 
Y=(Ya-Ymin)«Sfy 

Bari) “PR os s¥,°YT" 

meXxt Ya 

Petit “Pago 100 TL 0 2” 


Lol 





—— 


5340 
&35d 
6360 
370 
6380 
63990 
6400 
6410 
6420 
6430 
Baap 
o450 
6460 
6470 
6480 
5490 
6500 
6510 
6520 
6530 
6540 
6550 
6560 
6570 
6580 
6590 
6500 
5610 
6620 
6630 


FGR Xa=¥min TO kmax STEP Xsteo 
X=(Xa-Xma nd e=Sf x 
Breeieretenk, 41 Cs KT" 
MEX) Xa 
Peet Fe 100,100 FI) SA t00.8 PD” 
FOR Ya=Ymin TO Ymax STEF Ystep 
V=Gra-Ymind*«Sty 
Peet “PD PA 100." .Y. "YT" 
HEMT Ya 
Peri? “FA !00.!00 PU’ 
Pat PA 0,-2 SF 1.5.2 
FOR <a=X%min fO Xmax STEP ater 
X=(Xa-Xmin) «Sf y 
Petit PAs,” 03" 
IF ITht=1 THE?! PRINT “CP -4,.-1:LB":Xa3’” 
PrP iht=2 THEN PRIM@ “CP -2.-!:LB°sXa:"" 
NEXT Xa 
PRINT “PU PA 1.0” 
FOR Ya=Ymin TO Ymax STEP Yster 
Y=(Ya-Ymin)*Sfy 
PRINT “PA O0.°:Y.°" 
Bregab, CF =7.-.,25:L_B":Ya:"" 
NEXT Ya 
BEEP 
[TMPUT ENTER X-LASEL’ .XlabelS 
BEEP 
PMPUT “ENTER Y-LABEL’.YlabelS 
Peete sae se PASO, -10 CP" s-LENCXlapelS)/2:"0:LB"“:Xlabel3:°" 
Eee  Pae=16.50 CP 0. :-LENCYlabelS)/2"5/6:"DI O,1:LB™: YlabelS;"" 
Pret “CP 0.0 DI” 
' 


6540 Repeat:'! 


6650 
6660 
6670 
5680 
5690 
700 
6710 
67290 
6730 
G7 41) 
6750 
6760 
6770 
6780 
67930 
6800 
6210 
6820 
6330 
6840 
5350 
5860 
6870 
b380 
6890 
E300 
6910 
6320 
6330 
6940 


BEEP 

INPUT “LIKE TO PLOT DATA FROM A FILE (1=Y,0=MN)2".Ok 
Qk p= 

IF Ok=1 THEN 

PEEP 


INPUT “WANT TO CHANGE PEH ©1=Y,04N)" .Okp 

TF Ob p=t THEN 

REEP 

PRIfIT “sro” 

paee ; 

INPUT “CHANGE PEN AND HIT CONTINE’ Oke 

PRINT “SP1" 

END IF 

Beer 

INPUT “ENTER THE NAME OF THE DATA FILE’ .D_filed 
ASSIGN @File TQ D_files 

S«=0 

Sv=0 

Sx2=1) 

Sxy=0 

PEE 

INPUT “ENTER THE BEGINNING RUN NUMBER” .Md 

PEEP 

INPUT “ENTER THE NUMBER OF X-Y PAIRS STORED’ .Npairs 
BEEP 

TFPUT “SELECT A SYMBOL FOR THE PLOTTER (le#*,22+.32¢.4=0,.5=°)" Sym 
PRINT “Pu DI* 

IF Sym=! THEN PRINT “Stt=" 

IF Svm=2 THEt! PRIMT “SM+°’ 

IF Sym=3 THEN PRINT “SMc” 


G2 





7470 
7480 
6490 
7500 
7510 
pee 
tooo 
7540 


TF Syme Trichi Pre : 
IF Sym=5 THEN POTNT “SH” 
IF Md>Npairs THEN 
FOR f=! 10 «Nd-1) 
ENTER @File:Xa.Ya 
NEXT [ 
END IF 
foeet=)i [0 Noairs 
ENTER ®File:Xa.Ya 
Yt=Ka 
Ka=Xa/Ya 
Ya=Yt 
We=L0GCYa? 
Xc=_0G6¢(Xa) 
Sx=Sy+Xc 
Sy oy 
Sxc=oxotke 2 
Bxy=S0y xe 1c 
IF Iht=1 THEN 
Rea 
Vas ay he 
K¥a=Xt 
2) es 
X=(Xa-Xmin)*5fx 
Y=(Ya-Ymind#*Sfy 
IF Y>'900 OR Y¢O THEM 7220 
Pivtivieaerecieek. Ys 
NEXT I 
BEEP 
Pieoie we? 'O PLUT A LEAST-SQUARES LINE” .IIs 
TF Ils=1 THEN 
ER EMT “GM” 
Rbh=(MNoairs<Sxy-Sy*Sud/Cloairs*Sx2-Sx 2) 
Aa=(Sy-Bb-Sx)/Npaire 
Aa-eArtAa) , 
BeriteR [5 1 
Peele GeihG “10%. "a = °”.2.4DE":Aa 
SeeawUStnG. 10X.°"n = “".Z.4DE":Bb 
PRINTER IS 725 
FOR Xa=Xmin TO Xmax STEP X¥step/4n 
IF IJht=2 THEN Ya=Aa-+(X%a) Bb 
IF ITht=1 THEN Ya=Aa (1/Bb)=Xa ((Bb-1)/Bb) 
Y=(Ya-Ymin)«Sfy 
XY=(Xa-Xmin) =Sf x 
IF Y¥<Q THEN Y= 
IF Y>100 THEN GOTO 7420 
Perit. FA ,xX,Y. PD” 
NEXT Xa 
PRINT “PU 
Spe 
welGiiverile 10 « 
GOTTA 6650 
END IF 
PRINT “PU SM" 
PEEP 
TPUPUT WANT TO PLOT NUSSELT LINE (1=Y¥.0=N)?".Inp 
IF Ino=N THEN 7620 
Peer 
INPUT “ENTER SLOPE FOR CONSTANT IN HNa vs g°.S] 
Beer 


eles 


LOS 





eee Re eRCer EGR Custer? IM iti; vs q CURVE™ Ac 


PUkeAa=Anan I) Xmay SIEP Xstep/50 
fa=(Persl=%eo/%a «3333 
X=(Xa-Xnin2=sf x 

Y=Cla-tmin? Sly 

PRINT “PA™.X.Y. PD” 


NEXT Xa 
PRINT “PU PA 0,9" 
BEEP 


PPUT LIKE TO DRAW A STRAIGHT LINE (t=¥.0=N)9",Go_on 
dr goo on? 7}. THEN 

Bc oe 

INPUT “ENTER THE SLOFE’.S! 

BEEP 

INPUT “ENTER THE INTERCEPT’ ,Ac 

PUR = %a=Amin (0 Xmax STEP (Xmax-Xmin) 
YatActSl-Xa 

Y=(Ya-Ymind=Sty 

X=(Xa-Xmin) #*Sfx 

IF Y¥<Q THEN 

Xam=(Ymin-Ac)/S1 

X=(Xam-Xmin) «Sf x 

Y=0 

END IF 

IF Y>!OG THEN 

Xam=(¥max-He)/S! 

K=(XKam-Xmin)+Sfx 

Y=100 

ENO If 

Emilie PA’ ,x,.Y,. FD” 

NEXT Xa 

EVID SIE 

BEEP 

INPUT “NANT TO PLOT A POLYNOMIAL ¢€1=Y,0=N)?"%,Go_on 
IF Go_on=1 THETI 

BEEP 

INPUT “ENTER THE ORDER OF POLYNOMIAL’ .M 
FOR J=N TO M 

PEEP 

ae melo tPU) = EliieR THE NEXT COEFFICIENT CJ) 
ie a THEN INPUT “ENTER THE FIRST COEFFICIENT" ,CCO) 
MEAT J 

Ya=C¢(0) 

FOR Xa=Xmin TO Xmax STEP Xstep/tU 

FOR J=1 TO M 

Vasa et) =Xa J 

HEXT J 

Y¥=(Ya-Ymind<Sfy 

X=(Xa-Xmin) *SFy 

IF Y<O THEN Y=0 

IF Y>199 THEN GOTO 8070 

PR fhe. yy. PD 

HEXT Xa 

Epa 

Peli FA O.0 SPO” 

SUBEND 
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